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Abbreviations 
3’-P 3’-phosphate 
3’-PUA 3’-phospho-unsaturated aldehyde 
53BP1 p53 binding protein 
6-4 PP Pyrimidine pyrimidone (6-4) photoproduct 
8-oxo-dG 8-Oxo-2'-deoxyguanosine 
9-1-1 Rad9-Rad1-Hus1 
AGS Aicardi-Goutieres syndrome 
Alt-NHEJ Alternative Non-Homologous End-Joining  
aMAG 3-methyladenine-DNA glycosylase 
AP apurinic/apyrimidinic 
APE AP endonuclease 
ATM Ataxia Telangiectasia Mutated 
ATR ATM- and RAD3-related 
ATRIP ATR-interacting protein 
BARD1 BRCA1-associated RING domain protein 1 
BER Base excision repair 
BLM Bloom syndrome protein 
BRCA1 Breast Cancer 1 
CAK (CDK)-activating kinase 
CAT Catalase 
CDC Cell Division Cycle  
CDK Cyclin-dependent kinase 
cDNA Complementary DNA 
CHK Checkpoint Kinase 
CKI Cip/Kip CDK inhibitor 
CPD Cis-syncyclobutane pyrimidine dimer 
CtIP (C-terminal-binding protein (CtBP)-interacting protein) 
DDR DNA damage response 
DE Differentially Expressed 
dHJ Double Holliday Junction 
D-loop Displacement loop 
DNA Deoxyribonucleic Acid 
dNTP Deoxynucleoside triphosphate 
dRP Deoxyribosephosphate 
DSB Double Strand Break 
EdU Ethynyl deoxyuridine 
EMS Ethyl-methanesulfonate 
ETG1 E2F TARGET GENE 1 
EXO1 exonuclease 1 
FEN1 Flap endonuclease 1 
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FPG1 Formamidopyrimidine DNA glycosylase 1 
G1-phase  Gap 1-phase 
G2-phase  Gap 2-phase 
GG-NER Global genome repair 
GO Gene Ontology 
GUS β- glucuronidase 
HR Homologous Recombination 
HU Hydroxyurea 
HUS2 Hydroxyurea-sensitive 2 
IDL Insertion-deletion loop 
IR Ionizing radiation 
KRP Kip-related protein 
LIG DNA ligase 
LP Long-patch 
MBD4 Methyl-CpG-binding domain protein 4 
MDC1 Mediator of DNA damage checkpoint 1 
MID MIDGET 
MMC Mitomycin C 
MMR Mismatch repair 
MMS Methylmethane sulfonate 
M-phase  Mitosis phase 
MQY Maximum quantum yield 
MRE11 Meiotic recombination 11 
MRN Mre11-Rad50-Nbs1 
NBS1 Nijmegen Breakage Syndrome 1 
NER Nucleotide Excision Repair 
NGS Next Generation Sequencing 
NHEJ Non-Homologous End-Joining 
NPR1 Nonexpressor of PR genes 1 
OGG1 8-Oxoguanine glycosylase 1 
PARP Poly ADP ribose polymerase 
PCD Programmed cell death 
PCNA Proliferating Cell Nuclear antigen 
PHR Photolyase 
PI Propidium iodide 
PMS  Post-meiotic segregation 
PNKP Polynucleotide kinase phosphatase 
Pol DNA polymerase  
PSII Photosystem II 
RAD Radiation sensitive 
RB Retinoblastoma protein 
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RER Ribonucleotide excision repair 
RFC Replication factor C 
RNA Ribonucleic Acid 
RNA Pol RNA polymerase  
RNase H Ribonuclease H 
RNR Ribonucleotide reductase 
rNTPs Ribonucleotide triphosphates 
ROS Reactive oxygen species 
RPA Replication protein A 
SA salicylic acid  
SDSA Synthesis-dependent strand annealing 
SIM SIAMESE 
SNI1 suppressor of npr1-1, inducible 1 
SMC Structural Maintenance of Chromosome 
SMR SIAMESE -related 
SNP Single-nucleotide polymorphism 
SOG1 Suppressor of gamma response 1 
SP Short-patch 
S-phase Synthesis phase 
SSA Single-strand annealing 
SSBR Single strand break repair 
ssDNA Single-stranded DNA 
SSLP Simple Sequence Length Polymorphism 
SUV2 Sensitive to UV 2 
TAP Tandem affinity purification 
TC-NER Transcription-coupled NER 
TERT Telomerase reverse transcriptase 
TFIIH Transcription factor II H  
TOP Topoisomerase 
TOPBP1 DNA topoisomerase 2-binding protein 1 
UPB1 UPBEAT1 transcription factor 
UV Ultraviolet 
UVH1 Ultraviolet Hypersensitive 1 
X-Gluc 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid 
XPA, XPB, XPC, 
XPD, XPF, XPG 
Xeroderma Pigmentosum, Complementation Group A, 
B, C, D, F, G 
XRCC X-ray repair cross-complementing group 
Y2H Yeast two-hybrid 
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Environmental stresses such as salinity, drought, acidic soil, heavy metals, UV 
radiation, chilling, nutrient imbalances, etc. and their consequences such as 
increased production of reactive oxygen species (ROS) and DNA damage are 
challenges for sustainable agriculture in different parts of the world. Since plants are 
immobile and have limited mechanisms to avoid stress, making improved stress-
tolerant crops is a crucial matter for global farming and in order to achieve this goal, 
it is important to understand the mechanisms contributing to stress resistance.  
DNA damage can induce a signal transduction pathway, called the DNA damage 
response (DDR). DDR activation can have different consequences, including 
activation of the DNA repair system, arresting of the cell cycle by checkpoint 
activation to give the cells adequate time to repair their DNA before entering into 
mitosis, and even programmed cell death (PCD). 
Central players of the DDR in eukaryotes, including plants, are two conserved related 
protein kinases, Ataxia Telangiectasia Mutated (ATM) and ATM- and RAD3-related 
(ATR). ATM is responsible for the response to ionizing radiation (IR). In general, ATR 
is triggered by stalled replication forks and also recognizes single-stranded DNA 
(ssDNA), whereas ATM is activated by double strand breaks (DSBs) (Garcia et al. 
2003, Culligan et al. 2004, Culligan et al. 2006, Ricaud et al. 2007, Ciccia and 
Elledge 2010). In animals, ATM- and ATR-dependent phosphorylation of plenty of 
downstream proteins, including WEE1 and CDC25, controls the cell cycle checkpoint 
activation. Inhibitory phosphorylation of cyclin-dependent kinases (CDKs), which are 
key regulators of cell cycle progression, is mediated by WEE1 protein kinase. On the 
other hand, CDC25-mediated dephosphorylation of CDKs leads to their activation 
(Harper and Elledge 2007).  
A functional homolog of CDC25 is missing in plants, indicating that they might have 
plant-specific mechanisms for cell cycle control and DNA damage signaling (Boudolf 
et al. 2006). However, plants possess a homolog of the WEE1 protein kinase (Sun et 
al. 1999, Sorrell et al. 2002, Gonzalez et al. 2004). Transcript levels of Arabidopsis 
WEE1 are enhanced upon treatment with replication-inhibitory drugs or γ-radiation in 
an ATR- and ATM-dependent manner, respectively. Moreover, WEE1 knockout 
mutants of Arabidopsis show the wild type phenotype under normal conditions, 
however, they are hypersensitive to replication stress (De Schutter et al. 2007). In 
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addition, replication-blocking agents cause a prolonged S phase and delayed cell 
cycle progression in wee1 mutants, implicating an intra-S-phase checkpoint role for 
WEE1 in response to replication stress (Cools et al. 2011).  
Agents or conditions that interfere with progression of replication cause replication 
stress. Hydroxyurea (HU) is one of these agents and affects the progression of the 
replication fork by inhibiting ribonucleotide reductase (RNR), which is responsible for 
reduction of ribonucleotides to deoxyribonucleotides (deoxynucleoside triphosphates 
or dNTPs) used for DNA synthesis. Decreased levels of dNTPs, leading to stalled 
replication forks, activates a checkpoint in wild type cells, which in turn slows down 
the cell cycle and stabilizes the replication complex until the stress is passed (Lopes 
et al. 2001, Alvino et al. 2007). However, Arabidopsis WEE1 knockout mutants are 
not capable of adapting their replication rate to the availability of dNTPs upon HU 
treatment, leading to root growth inhibition and premature cell differentiation. 
To investigate the underlying reasons for the loss of meristem cell identity of WEE1 
knockout (wee1) plants under replication stress and identify molecular mechanisms 
by which WEE1 controls the DNA replication rate during DNA stress, an EMS 
mutagenesis was performed on wee1 mutant seeds in an attempt to find revertants 
that could grow normally under replication stress. In this study, we have used Next 
Generation Sequencing (NGS) for mapping of the genes causing our phenotype of 
interest, leading to identification of the Ribonuclease H2 (RNase H2) enzyme.   
Since ribonucleotide triphosphates (rNTPs) levels are much higher than levels of 
deoxyribonucleotide triphosphates (dNTPs) in vivo (Ferraro et al. 2010, McElhinny et 
al. 2010b), DNA polymerases misincorporate rNTPs into genomic DNA, making rNTP 
the most abundant aberrant nucleotide placed into DNA (McElhinny et al. 2010a). 
Due to its structure, ribonucleotide is more sensitive to strand cleavage and its 
incorporation into genomic DNA leads to genome instability (McElhinny et al. 2010a). 
RNase H2 specifically catalyses the degradation of RNA in DNA-RNA duplexes 
(Stein and Hausen 1969) and is responsible for hydrolyzing of ribonucleotides 
misincorporated into genome during replication (Cerritelli and Crouch 2009, Bubeck 
et al. 2011). 
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In the second part of this work, we confirm the association of wee1 complementing 
phenotype with inactivity of RNase H2 enzyme. In addition, we demonstrate that 
Arabidopsis RNase H2 consists of three subunits, which deficiency in any of them 
could complement the WEE1 knockout phenotype under replication stress. Plants 
deficient in RNase H2 display higher level of endogenous DNA damage and enforce 
more homologous recombination and DNA double strand breaks even under optimal 
growth conditions. Inactivation of RNase H2 leads to massive incorporation of RNA 
into genomic DNA, resulting in genome instability. 
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Abstract  
Genomic DNA is under the constant attack of exogenous and endogenous factors. 
Therefore, cells have evolved special pathways to protect genome integrity. DNA 
damage response (DDR) is activated in response to extensive DNA damage, 
eventually resulting in promoting DNA repair system and cell cycle arrest at the G1-
to-S, intra-S, or G2-to-M checkpoint until the lesion is repaired. Several repair 
pathways handle different types of DNA damages and must be tightly regulated to 
efficiently repair the damage caused by diverse factors such as UV-radiation, 
genotoxins, or by-products of intracellular metabolism. Although most of the factors 
involved in DNA repair are conserved throughout the kingdoms of life, some aspects 
in the regulation of plant DNA repair system are different.  In the following chapter, 
we present an overview of what is currently known about DNA damage checkpoints 
and repair systems and put this in context with regulating factors and gene 
expression in response to DNA damage in plants.  
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1. DNA Damage Checkpoints 
Integrity of the genome is an important matter for viability and for the impeccable 
transmission of genetic information to the next generation. Therefore, DNA content 
needs to be repaired and protected from damages caused by either environmental 
stress, such as UV radiation, or endogenous factors, such as replication errors and 
reactive oxygen species (ROS). Extensive DNA damage can induce DNA damage 
response (DDR) signal transduction, promoting the DNA repair system and delaying 
cell cycle progression to give the cells adequate time to repair their DNA before 
entering mitosis. DNA damage can induce three different checkpoints during the cell 
cycle. The G1-to-S checkpoint arrests cells in the G1 phase of the cell cycle, 
preventing them from entering into S phase. The intra-S phase checkpoint prolongs 
replication and the G2-to-M checkpoint detains the G2 phase of the cell cycle, 
arresting cells from entering into mitosis (Elledge 1996). The DNA damage 
checkpoint consists of different components: sensors, mediators, signal transducers 
and effectors (Figure 1-1). However, the active molecules might function as several 
components. For example, ATM functions as both a sensor and a transducer 
(Sancar et al. 2004).  
1.2. Sensors  
In order to be properly repaired, DNA damage must be first detected by the sensors 
of the DNA damage checkpoint. These sensors include Ataxia Telangiectasia 
Mutated (ATM), ATM- and RAD3-related (ATR) (Durocher and Jackson 2001), 
Mre11-Rad50-Nbs1 (MRN) complex (Lee and Paull 2005), replication protein A 
(RPA) and Rad17-RFC/9-1-1 (Zou and Elledge 2003).  
1.2.1. ATM and ATR 
Two conserved related protein kinases, ATM and ATR, play a key role at the center 
of the DNA damage response in eukaryotes. In response to ionizing radiation (IR), 
ATM phosphorylates several proteins including Chk2, p53, NBS1, BRCA1 and itself, 
in this way initiating subsequent DNA damage response events. The importance of 
ATM during IR stress is demonstrated by the fact that atm mutants in mammals are 
very sensitive to IR radiation. In contrast to ATM, ATR is upregulated by UV 
irradiation, but is capable of phosphorylating most of the proteins that are 
phosphorylated by ATM. In general, ATR is triggered by stalled replication forks and 
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also recognizes single-stranded DNA (ssDNA), whereas ATM is activated by double 
strand breaks (DSBs) (Ciccia and Elledge 2010).  
ATM and ATR orthologs are present in plants. Arabidopsis atm mutants are viable 
but show developmental defects in response to DSB-inducing agents such as γ-
radiation and methylmethane sulfonate (MMS). However, they are not hypersensitive 
to UV-B light. ATM deficient plants are also partially infertile due to chromosomal 
fragmentation during meiosis (Garcia et al. 2003). It has been shown that 
transcriptional responses to γ-radiation in plants are mostly dependent on ATM 
(Culligan et al. 2006, Ricaud et al. 2007).  atr mutants are viable and fertile in normal 
growth condition, however, their root growth is retarded when treated with agents 
which block the replication, such as hydroxyurea (HU), aphidicolin and UV-B light. 
Arabidopsis ATR is necessary for G2 checkpoint activation in response to stalled 
replication but not in response to DSBs. atr mutants are also slightly sensitive to γ-
radiation, indicating a minor role for ATR during γ-resistance as opposed to ATM 
(Culligan et al. 2004). These results strongly indicate that in plants, like in animals, 
ATM and ATR are important players of DNA damage response.  
1.2.2. MRN complex  
The MRN complex, which consists of Meiotic recombination 11 (MRE11), Radiation 
sensitive 50 (RAD50) and Nijmegen Breakage Syndrome 1 (NBS1) subunits, plays 
an important role in the process of sensing DNA damage. The RAD50 subunit of the 
MRN complex attaches to the end of DSBs. Later, the NBS1 member of the complex 
associates with ATM and mediates recruitment of ATM to the sites of the break 
(Stracker and Petrini 2011). ATM is in a dimer or multimer state in non-irradiated 
cells, but γ-irradiation activates ATM by dimer dissociation, which is due to its 
autophosphorylation (Bakkenist and Kastan 2003). Subsequently, ATM 
phosphorylates several proteins including H2AX and the MRN complex, which 
initiates downstream signaling.  
Many of the proteins involved in sensing of the DNA damage are also identified in 
plants, including homologs of Mre11, Rad50 and Nbs1. It has been shown that 
Arabidopsis rad50 mutants are sterile and hypersensitive to the DNA damaging 
agent MMS, indicating its role in meiosis and the DNA damage response in plants 
(Gallego et al. 2001). mre11 mutants of Arabidopsis are also hypersensitive to MMS 
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and x-ray, and surprisingly have longer telomeres than those of wild-type, 
demonstrating MRN contribution in DNA repair and telomere maintenance (Bundock 
and Hooykaas 2002). Moreover, NBS1 expression is increased in response to x-ray 
treatment and Arabidopsis nbs1 mutants show hypersensitivity to the DNA cross-
linking agent mitomycin C (MMC) (Akutsu et al. 2007, Waterworth et al. 2007). 
Arabidopsis rad50 and mre11 mutants display increased γ-H2AX foci, which is a 
phosphorylated form of histone variant H2AX and accumulates in response to DSBs 
in the replicated nuclei, demonstrating an important role for the MRN complex in 
replication. Furthermore, mre11/atr and rad50/atr mutants suffer from severe growth 
defects. Interestingly, mre11 and rad50 mutants in Arabidopsis are defective in ATM- 
and ATR-dependent response to γ-radiation, indicating the conserved role of MRN 
complex in activation of ATM and ATR. (Amiard et al. 2010). Most probably the plant 
MRN complex has the same function as in other kingdoms of life. 
1.2.3. RPA, ATRIP and Rad17-RFC/9-1-1 
Stalling of the replication fork leads to the generation of single-stranded DNA 
(ssDNA). ssDNA is sensed and bound by the heterotrimeric complex Replication 
Protein A (RPA), which mediates the accumulation of ATR through direct interaction 
with ATR-interacting protein (ATRIP) in the ATR/ATRIP complex. ATRIP is also 
capable of phosphorylating and regulating ATR (Zou and Elledge 2003). Moreover, 
RPA-ssDNA recruits the Rad17-RFC2-5 clamp loader, which then loads the 
proliferating cell nuclear antigen-related Rad9-Rad1-Hus1 (PCNA-related 9-1-1) 
complex. ATR phosphorylates Rad17 and 9-1-1, which leads to phosphorylation of 
several downstream proteins, resulting in initiation of checkpoint and DNA repair 
(Zou et al. 2003). Furthermore, interaction between the Rad9 subunit of the 9-1-1 
complex and the ATR adaptor protein TOPBP1 (DNA topoisomerase 2-binding 
protein 1) stimulates ATR activity (Kumagai et al. 2006). 
Homologs of several genes coding for the proteins involved in the sensing of stalled 
replication fork and ssDNA are present in plants. Rice has three copies of 
RPA1 and RPA2 and a single copy of RPA3 gene and Arabidopsis contains five 
putative RPA1 genes and two copies each of RPA2 and RPA3. Mutation in one of 
the RPA1 genes of Arabidopsis confers hypersensitivity to UV-B and MMS (Ishibashi 
et al. 2005). Two of the five RPA1 homologs are also upregulated in response to 
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genotoxic stress (Culligan et al. 2006), suggesting a role for RPA in DNA damage 
repair. An ortholog of ATRIP has also been identified in Arabidopsis. atrip mutant, 
termed hus2 (hydroxyurea-sensitive) or suv2 (sensitive to UV2), display a similar 
phenotype as atr mutants and is hypersensitive to HU, aphidicolin and IR, indicating 
its role in DNA damage response (Sakamoto et al. 2009, Sweeney et al. 2009). 
Furthermore, homologs of RAD17 and Rad9 are present in plants. Arabidopsis 
Rad17 is transcriptionally induced in response to DNA damaging agents and rad17 
and rad9 mutants are hypersensitive to these drugs. Interestingly, rad17/rad9 
mutants are as sensitive to the drugs as the single mutants are, indicating that 
Rad17 and Rad9 are probably epistatic (Heitzeberg et al. 2004). 
 
 
Figure 1-1: The DNA damage checkpoints components in A) human cells (adapted from Sancar et al. 
(2004)) and B) plant cells. DNA damage is perceived by sensors and transduced by mediators and transducers 
to effectors, which directly inhibit the G1/S transition, S-phase progression, or the G2/M transition. 
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1.3. Mediators 
Mediators are associated with damage sensors, directly downstream of ATR and 
ATM. They might help in recruiting of other substrates by phosphorylation or they 
mediate assembly of the required complexes. The p53 binding protein (53BP1), the 
mediator of DNA damage checkpoint1 (MDC1), the MRN complex and Claspin could 
act as mediators (Ciccia and Elledge 2010). Surprisingly, 53BP1, MDC1 and Claspin 
homologs have not yet been identified in plants. 
1.4. Signal Transducers 
1.4.1. CHK1 and CHK2 
In non-plant species, CHK1 and CHK2 are two serine/threonine kinases that function 
as DNA damage response signal transducers downstream of ATM and ATR. CHK2 
is phosphorylated and activated in response to IR, MMS and HU in an ATM-
dependent manner (Matsuoka et al. 1998), whereas CHK1 is highly phosphorylated 
in response to HU and UV in an ATR-dependent manner (Liu et al. 2000a). CHK1 
and CHK2 trigger the activity of several downstream proteins, which may lead to 
different DNA damage responses, including transcription regulation, cell death, cell 
cycle arrest and DNA repair. 
Homologs of CHK1 and CHK2 kinases appear to be missing in plants, possibly by 
substitution of their role by other kinases such as ATR and ATM. How plants 
transduce the DNA damage signal is still unknown.  
1.5. Effectors 
Effectors of the DNA damage response function downstream of the signal 
transducers and practically execute the functions of the DNA damage response.  
The effectors, such as CDC25 (cell division cycle 25), WEE1 and p53, are involved 
in transcription regulation, cell-cycle control and DNA repair (Figure 1-2).  
1.5.1. CDC25 and WEE1 
Phosphorylation events carried out by cyclin-dependent kinases (CDKs) are 
responsible for progression through the cell cycle and some checkpoints control this 
progression by inhibiting CDK activity, resulting into cell cycle arrest (Zhou and 
Elledge 2000). The WEE1 protein kinase is responsible for inhibitory phosphorylation 
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of CDKs on Tyr 15 and Thr 14, whereas a CDC25 phosphatase mediates 
dephosphorylation event, leading to CDK (in this case CDC2) activation (Figure 
1-2A) (Harper and Elledge 2007). Following DNA damage, in mammals, ATM and 
ATR activate CHK2 and CHK1 kinases, respectively, leading to inhibitory 
phosphorylation of CDC25. Upon phosphorylation, the CDC25 is sequestered in the 
cytoplasm by the 14-3-3 proteins and eventually degraded by the proteasome. This 
inhibition by CHK kinases results in a G2 arrest (Figure 1-2A) (Furnari et al. 1997, 
Sanchez et al. 1997, Matsuoka et al. 1998, Harper and Elledge 2007). Furthermore, 
it has been shown that destruction of CDC25 through proteolysis causes the 
accumulation of inactive CDK2 in human cells (Figure 1-2B). Under normal 
circumstances, active CDK2 phosphorylates and subsequently activates a protein 
called CDC45, which is responsible for initiating replication. Lack of active CDK2 
results in the inability to phosphorylate CDC45, leading to inhibition of replication 
initiation (Figure 1-2B) (Molinari et al. 2000, Falck et al. 2001). These results indicate 
that DNA damage-induced inactivation of CDC25 could lead to a G1 arrest as well 
as a G2 arrest. 
Apparently, a functional CDC25 homolog is absent in plants (Boudolf et al. 2006), 
indicating that plants probably use a different DNA damage signalling pathway than 
that of animals. However, homologs of WEE1 are present in Arabidopsis, maize (Zea 
mays) and tomato (Sun et al. 1999, Sorrell et al. 2002, Gonzalez et al. 2004). 
Overexpression of maize WEE1 in Schizosaccharomyces pombe inhibits cell 
division, resulting in enlargement of the cells. Moreover, it has been shown that the 
WEE1 homolog of maize inhibits the activity of S- and M-phase CDKs (Sun et al. 
1999). Interestingly, WEE1 is upregulated in arrested stamen cells, which 
determines sex of the maize flower to be female (Kim et al. 2007). The level of 
WEE1 transcripts in tomato is maximized during the S-phase of the cell cycle and it 
contributes to the control of cell size by inhibiting the activity of CDK and preventing 
the cells from entering into mitosis (Gonzalez et al. 2004, Gonzalez et al. 2007, 
Chevalier et al. 2011). Although overexpression of Arabidopsis WEE1 in fission 
yeast could arrest the cell cycle (Sorrell et al. 2002), WEE1 knockout mutants of 
Arabidopsis display a normal wild-type phenotype under normal conditions (De 
Schutter et al. 2007). Nevertheless, wee1 mutants are hypersensitive to DNA 
replication-inhibitory drugs and WEE1 is transcriptionally upregulated in response to 
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replication stress and γ-Irradiation in an ATR- and ATM-dependent manner, 
respectively (De Schutter et al. 2007). Unlike mammals, Arabidopsis WEE1 functions 
independently of the inhibitory phosphorylation of CDKA;1, the  CDC2 in plants 
(Dissmeyer et al. 2009). In addition, wee1 mutants display a prolonged S phase and 
a delayed progression through the cell cycle after replication stress. Furthermore, 
WEE1 has a developmental role by inhibiting premature cell differentiation (Cools et 
al. 2011). These results suggest that, in Arabidopsis, WEE1 is a crucial intra-S-
phase checkpoint regulator in response to replication stress (Figure 1-1B). 
1.5.2. p53, CDK inhibitors and SUPPRESSOR OF GAMMA1 (SOG1)  
ATM and ATR activate a large number of downstream proteins by phosphorylation 
(Matsuoka et al. 2007). The tumor suppressor protein p53 activation by ATM and 
CHK2 inhibits its degradation, resulting in enhanced levels of p53 in the cell (Figure 
1-2B). Subsequently, p53 induces the CDK inhibitor p21 (a member of Cip/Kip CDK 
inhibitors (CKIs) family protein). CDK activity is negatively regulated by CKIs in the 
G1 phase of the cell cycle (Besson et al. 2008). Therefore, p53-dependent induction 
of p21 leads to inactivation of CDKs, such as CDK2, and preventing entry from G1 
into S phase of the cell cycle (Ciccia and Elledge 2010). p21 has also the capability 
of binding to the CDK4/CyclinD complex, preventing it from phosphorylating 
Retinoblastoma protein (RB) (Harper et al. 1993). Following RB phosphorylation, 
E2F transcription factor is released. E2F transcription factors are known for their 
regulatory role in G1 to S transition and their inhibition could result in G1 arrest 
(Figure 1-2B).  
Although p53 is largely responsible for the mammalian responses to DNA damage, 
its homolog has not been identified in plants. However, an alternative regulator of 
DNA damage pathway, SOG1 (suppressor of gamma response 1), was found in 
Arabidopsis with similar functions as p53 (Preuss and Britt 2003). SOG1 is a NAC-
domain transcription factor, which is specific to plant. Induction of transcript levels of 
hundreds of genes after γ-radiation is dependent on SOG1 and ATM. Furthermore, 
sog1 mutants, like atr mutants, fail to induce the G2 arrest observed in xpf mutants 
after γ-radiation. XPF is a DNA repair endonuclease and its knockout in Arabidopsis 
is hypersensitive to UV light and γ-radiation due to induction of a G2 cell cycle arrest. 
Thus, SOG1 is responsible for inducing the cell cycle arrest in xpf mutants (Preuss 
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and Britt 2003, Yoshiyama et al. 2009). Moreover, SOG1 is phosphorylated in 
response to the DNA damage-inducing drug zeocin in an ATM-dependent manner 
and its function is dependent on this phosphorylation (Yoshiyama et al. 2013). These 
results suggest that SOG1 has similar role to p53 in response to DNA damage 
(Figure 1-1B). 
A class of related CKIs, Kip-related proteins (KRPs), has also been identified in 
plants. Although KRPs have CDK binding specificity and their overexpression affects 
the cell cycle progression (De Veylder et al. 2001), no link between KRPs and DNA 
damage response has yet been reported. SIAMESE (SIM) and SIM-related (SMR) 
proteins are a second class of CKIs which have been identified only in plants. The 
SIM protein has a role in endoreduplication of trichomes by suppressing the activity 
of CDK at the G2/M phase of the cell cycle (Churchman et al. 2006). Interestingly, 
some SMR coding genes are transcriptionally upregulated by γ-irradiation in an 
ATM-dependent manner (Culligan et al. 2006, Peres et al. 2007). Cell size is 
increased in SMR knockout mutants after HU treatment, indicating their deficiency in 
checkpoint-activating cell cycle arrest. SMR genes are also induced in response to 
ROS-inducing treatments such as high light, which is dependent on ATM and SOG1,    
suggesting that SMRs have a checkpoint regulatory role in response to oxidative 
stress (De Veylder, unpublished data) (Figure 1-1B).  
Numerous E2F target genes have been identified in Arabidopsis, including the 
replisome factor E2F TARGET GENE 1 (ETG1). Despite having a normal mild 
phenotype, etg1 mutants show a G2 cell cycle arrest, leading to a decrease of the 
cell division rate. Interestingly, wee1/etg1 and atr/etg1 mutants have a severe 
retarded phenotype, indicating that the slow cell cycle progression in etg1 mutant is 
result of checkpoint activation (Takahashi et al. 2008). Other examples of checkpoint 
activation in response to endogenous DNA damage have been demonstrated in 
plants. Telomerase is a ribonucleoprotein enzyme that maintains the region of 
repetitive sequences at each end of a chromatid, named telomere, by adding DNA 
sequence repeats to it. As in each round of the cell division part of the end of 
chromatid is unable to replicate, telomeres prevent loss of pivotal parts of the 
chromosome. Therefore, mutations in telomerase cause telomere shortening, 
leading to confining of cell proliferation capacity. It has been corroborated that 
Arabidopsis plants defective in the telomerase reverse transcriptase (TERT) gene 
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are viable for 10 generations (Riha et al. 2001). However, tert/atm and tert/atr 
mutants display earlier onset of genome stability (Vespa et al. 2005, Vespa et al. 
2007). Another example of endogenous DNA damage happens in mid mutants of 
Arabidopsis. MID (MIDGET) is a component of topoisomerase VI. Topoisomerases 
regulate unwinding of supercoiled DNA during replication, transcription and other 
cellular transactions. The DNA damage checkpoint is activated in mid mutants of 
Arabidopsis in an ATR-dependent manner. While mid mutants are viable, mid/atr 
mutants are lethal (Kirik et al. 2007), supporting the importance of a checkpoint 
activation for endogenous damage tolerance. 
 
 
Figure 1-2: The DNA damage checkpoint pathway (adapted from Sancar et al. (2004)). ATM and ATR are 
recruited to the damage site and the DNA damage signal is transmitted by CHK2 and CHK1 to downstream 
effectors. A) The G2-to-M checkpoint pathway: On one hand, inhibitory phosphorylation of the CDC25 and also 
its sequestration by 14-3-3 protein leads to inactivation of CDC2/CyclinB and thereby a G2-to-M arrest. On the 
other hand, WEE1-dependent phosphorylation of CDK could regulate the inhibition of G2-to-M phase of the cell 
cycle. B) The G1-to-S checkpoint pathway: Proteolysis of CDC25 could inactivate CDK2 protein, which in turn 
leads to inactivation of the replication initiation protein, CDC45, resulting into G1-to-S phase arrest. Moreover, 
accumulation of p53 in response to DNA damage induces the CDK inhibitor, p21, leading to inhibition of G-to-S 
phase of the cell cycle.  
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2. DNA repair pathways 
DNA damage can perturb cell growth and survival by altering the structure of DNA. 
To maintain genome integrity, organisms need to correct damage to DNA molecules. 
Several DNA repair pathways have been evolved among all kingdoms of life to 
perform this pivotal role.  
2.1. Single Strand damages  
There are certain DNA repair processes that respond to damages caused on one 
strand of the DNA. These pathways include mismatch repair, photoreactivation, base 
excision repair and nucleotide excision repair, which are explained in detail below. 
2.1.1. Mismatch Repair  
Mismatch repair (MMR) pathway repairs base-base mismatches and insertion-
deletion loops (IDLs) that arise during DNA replication in microsatellites, which are 
repeating sequences of 2-6 base pairs of DNA, or during homologous recombination. 
The MMR system also recognizes damaged DNA bases induced by oxidation, 
alkylation, or UV irradiation (Li 2008). Key players of MMR are MutS (MSH subunits) 
and MutL (MLH subunits) proteins (Figure 1-3). MutSα (MSH2/MSH6 complex) and 
MutSβ (MSH2/MSH3 complex) proteins recognize base-base mismatches and IDLs, 
whereas MutL proteins mediate the recruitment of other proteins such as 
Proliferating Cell Nuclear antigen (PCNA) (Jiricny 2006). This regulation of 
downstream activities is mediated by MLH1/PMS2 (post-meiotic segregation) in 
humans and MLH1/PMS1 in plants (Jean et al. 1999, Alou et al. 2004). 
Discriminating between the nascent and template DNA strands by MMR has different 
mechanisms in prokaryotes and eukaryotes, from recognizing of unmethylated 
strand to association with replication machinery. In the next step, exonuclease 1 
(EXO1), which normally cleaves DNA phosphodiester bonds from 5’ to 3’, excises 
the mismatch from the nascent strand and the resulting multi-nucleotide gap is then 
filled by DNA polymerase δ (Pol δ). Pol δ is a replicative DNA polymerase, which is 
capable of adding a free nucleotide to the 3’ end of the template strand during DNA 
replication and DNA repair (Lange et al. 2011). The process of gap filling is followed 
by sealing of the nick using DNA ligase 1 (LIG1) (Larrea et al. 2010). DNA ligases 
are nucleotidyltransferases that attach the phosphodiester backbone of DNA in the 
case it is interrupted (Ellenberger and Tomkinson 2008).  
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Figure 1-3: Principles of mismatch repair (Martin and Scharff 2002). MSH complex recognizes and binds to 
the mismatches. Complex of MLH and PMS are then recruited, mediating recruitment of PCNA. The mismatch is 
digested by EXO1 and then the created gap is filled by POLδ.  
Apart from MutSα and MutSβ, plants possess a unique MutS protein, named MutSγ, 
which consists of MSH2/MSH7 subunits. Plant MutSγ recognizes some base–base 
mismatches, such as pyrimidine dimers (Culligan and Hays 2000, Wu et al. 2003) 
and also plays a role in meiotic recombination (Lloyd et al. 2007). It has been shown 
that maize and Arabidopsis MSH2 and MSH6 homologs are upregulated in response 
to UV-B radiation and their knockout mutants accumulate more UV-induced base 
damages. Moreover, MSH6 was demonstrated to be a target of E2F proteins in 
Arabidopsis (Lario et al. 2011). These results indicate that the MMR pathway plays a 
key role in the UV-B-induced DNA damage response and suggest an interaction 
between MMR and the cell cycle control in plants.  
Arabidopsis plants mutated in the catalytic subunit of POL δ display genome 
instability due to endogenous replication stress. Stalled replication forks and 
accumulation of single-stranded DNA lead to DSBs that are repaired by homologous 
recombination (Schuermann et al. 2009). 
A homolog of LIG1 has been identified in Arabidopsis (Taylor et al. 1998). The 
Arabidopsis LIG1 knockout mutants display lethality. However, the knockdown 
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mutants are viable and have smaller cells that accumulate in S phase of the cell 
cycle. Moreover, repair of SSBs and DSBs is slower in these mutants, indicating a 
role for LIG1 in plant DNA repair pathway (Waterworth et al. 2009). 
2.1.2. Photoreactivation 
Photoreactivation is process of repairing genotoxic photoproducts, such as cis-
syncyclobutane pyrimidine dimers (CPDs) and pyrimidinepyrimidone (6-4) 
photoproducts (6-4 PPs), caused by ultraviolet light. Unrepaired CPDs and 6-4 PPs 
might lead to DNA replication and transcription blockage. Photoreactivation is 
executed by photolyases, a family of enzymes containing flavin cofactor, which are 
present in all kingdoms of life but absent or not functional in specific mammals such 
as human and mouse. Photolyases bind directly to the substrate lesion, such as 
thymine dimer (Figure 1-4), and monomerize it to the native pyrimidine by using 
visible/blue light energy (Essen and Klar 2006). DNA photolyases are classified as 
CPD photolyases or 6-4 PPs photolyases based on their substrate specificity.  
 
Figure 1-4: Photoreactivation process (Tuteja et al. 2009). UV irradiation causes the formation of pyrimidine 
dimers, which is directly bound by photolyases. Blue light energy then helps the photolyase to monomerize the 
dimer and repair the lesion. 
DNA Damage Checkpoint Control and Repair in Plants 
 
28 
 
Two specific CPD photolyases, photolyase 1 (PHR1) and photolyase 2 (PHR2), have 
been identified in Arabidopsis. Arabidopsis CPD photolyase activity is light 
dependent and its accumulation requires day/night cycling (Chen et al. 1994, Ahmad 
et al. 1997, Tanaka et al. 2002, Waterworth et al. 2002), which fits with timing of UV 
flux. On the other hand, 6-4 PPs photolyase, Arabidopsis UVR3, is constitutively 
expressed and is not in need of light exposure (Jiang et al. 1997), indicating that two 
separate pathways are responsible for repair of the different lesion photoproducts. 
2.1.3. Base Excision Repair  
Base excision repair (BER) is involved in repair of non-bulky base damages caused 
by oxidation, deamination or alkylation. One of the most abundant base lesions, 
caused by reactive oxygen species (ROS), is 8-Oxo-2'-deoxyguanosine (8-oxo-dG), 
which is an oxidized derivative of deoxyguanosine. Since 8-oxo-dG can pair with 
adenine, it might cause G:C to T:A transversion mutations (Shibutani et al. 1991). 
Furthermore, if the lesion is located in an active gene, it might lead to production of 
mutant mRNA transcript as well (Bregeon and Doetsch 2011). The BER pathway 
has other substrates, including uracil and inosine, which are result of deamination of 
cytidine and adenine, respectively. Uracil and inosine have the ability of pairing with 
adenine and cytidine, respectively, causing C:G to T:A and A:T to G:C transition 
mutations, respectively (Krokan et al. 1997).  
Glycosylases have a key role during base excision repair, and initiate BER by the 
recognition and hydrolysis of the N-glycosidic bond of a substrate base (Figure 1-5). 
Glycosylases are either mono- or bi-functional. Monofunctional glycosylases remove 
the substrate base, leaving the sugar-phosphate backbone intact, which creates an 
AP (apurinic/apyrimidinic) site. The AP site is then incised by AP endonuclease 1 
(APE1), creating a 3’ OH and a 5’ deoxyribosephosphate (dRP) group. The dRP flap 
is then removed by DNA polymerase β (Pol β). Apart from DNA synthesis, Pol β has 
a dRP lyase activity required for removal of the sugar–phosphate residue. On the 
other hand, bifunctional glycosylases possess both a glycosylase and AP lyase 
activity, which cleaves the phosphodiester bond 3' to the AP site and produce a 
single strand break with a 3’-phospho-unsaturated aldehyde (3’-PUA) or a 3’-
phosphate (3’-P) group. 3’-PUA is then removed by APE1, whereas the 
polynucleotide kinase phosphatase (PNKP) is responsible for 3’-P group removal by 
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recognizing 3’-phosphate termini within DNA nicks. In the short-patch (SP) or single-
nucleotide pathway, the next step is DNA synthesis by Pol β and then the nick is 
sealed by the complex of DNA ligase 3 (LIG3) and X-ray repair cross-complementing 
group 1 (XRCC1). XRCC1 protein has no catalytic activity, however, it serves as a 
scaffold to coordinate the activity of DNA repair enzymes, such as LIG3 (Mol et al. 
2000, Tomkinson and Sallmyr 2013). Moreover, some conditions, such as cell cycle 
phase and the type of the lesion, could lead to a long-patch (LP) pathway (Fortini 
and Dogliotti 2007) in which POL δ and/or POL ε, RFC and PCNA cooperate with 
each other for synthesis of 2 to 13 nucleotides. In this cooperation, RFC act as a 
clamp loader of PCNA by binding to the 3' end of the DNA and opening of the PCNA 
ring so that it can encircle the DNA. PCNA itself acts as a processivity factor of 
polymerases, enabling them to synthesize nucleotides in a consecutive reaction 
without releasing the substrate. The resulting flap is then incised by flap 
endonuclease 1 (FEN1). FEN1 is capable of removing 5’ overhanging flaps by its 
endonuclease activity.  This step is followed by LIG1-dependent sealing of the nick 
(Klungland and Lindahl 1997, Pascucci et al. 1999, Levin et al. 2000).   
Enzymes with DNA glycosylase activity are present in plants. 3-methyladenine-DNA 
glycosylase (aMAG) of Arabidopsis is highly expressed in tissues undergoing cell 
division and growth (Shi et al. 1997). A bifunctional homolog of OGG1 (8-
Oxoguanine glycosylase 1) has been identified in Arabidopsis (Dany and Tissier 
2001, Garcia-Ortiz et al. 2001). Overexpression of OGG1 in Arabidopsis significantly 
decreases the amount of 8-oxo-dG and ameliorates seed germination rate under 
osmotic and oxidative stresses (Chen et al. 2012). Another glycosylase homolog in 
Arabidopsis is formamidopyrimidine DNA glycosylase 1 (FPG1), which due to its 
structure removes oxidation products of 8-oxo-dG, but not 8-oxo-dG itself (Kathe et 
al. 2009, Duclos et al. 2012). A couple of other enzymes have been identified in 
Arabidopsis including ROS1, DME, DML2 and DML3, which have both glycosylase 
and AP lyase activity in vitro (Agius et al. 2006, Gehring et al. 2006, Ortega-Galisteo 
et al. 2008). Recently, another putative homolog of MBD4 DNA glycosylase has 
been characterized in Arabidopsis, which excises uracil and thymine opposite 
guanidine (Ramiro-Merina et al. 2013). Furthermore, some glycosylases in plants 
have a role in epigenetic regulation through DNA demethylation (Gehring 2013), 
which is out of the scope of this review. 
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Figure 1-5: Base Excision Repair pathway (Iyama and Wilson 2013). Base damage is recognized and 
removed by glycosylases. Monofunctional glycosylases remove the lesion base and create an AP site, which is 
later incised by APE1, creating a dRp flap. POL β then removes the dRP moiety. Bifunctional glycosylases have 
both glycosylase and AP lyase activity, which create 3’-PUA or 3’-P at the end of a SSB. APE1 then removes 3’-
PUA, whereas 3’-P is excised by PNKP. Afterwards, DNA synthesis and ligation is processed by POL β, 
XRCC1/LIG3 in SP; and by POL δ /ε, RFC, PCNA and FEN1/LIG1 in LP. 
Arabidopsis possesses three APE homologs, namely APE1L, APE2, and ARP. 
Although, ape1l, ape2 and arp mutants display no special growth phenotype, double 
ape1l/ape2 mutants are lethal due to embryo abortion, indicating the role of base 
excision repair in normal plant development (Murphy et al. 2009).  Moreover, ARP 
has the major AP endonuclease activity in Arabidopsis extracts and arp mutants are 
hypersensitive to 5-fluorouracil, which mis-incorporates uracil into DNA (Cordoba-
Canero et al. 2011).  
Arabidopsis lacks a homolog of POL β, however, its role might be taken over by 
another polymerase, designed polymerase λ (POL λ) (Garcia-Diaz et al. 2000, Britt 
2002). AtPOL λ is upregulated in response to MMC treatment and its knockout is 
sensitive to high salinity and MMC (Roy et al. 2013).  
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Plants have no LIG3 homolog, but the rice and Arabidopsis genomes encode 
XRCC1 homologs. It has been shown that the rice XRCC1 protein binds to ssDNA 
and dsDNA, and also interacts with PCNA (Uchiyama et al. 2008). Apart from its role 
in BER (Martinez-Macias et al. 2013), XRCC1 in Arabidopsis is upregulated in an 
ATM-dependent manner in response to γ-radiation (Ricaud et al. 2007), indicating its 
role in DSB repair.  
Single-strand break repair 
The single strand break repair (SSBR) pathway, which is a sub-pathway of BER, is 
initiated by a single strand break (SSB) generated during BER, by γ-radiation or 
oxidative attack of endogenous ROS. SSBs are a cause of replication fork blockage, 
which finally leads to DSBs formation (Kuzminov 2001). RNA polymerase may also 
be stalled by SSBs (Zhou and Doetsch 1993). PARP1 is the primary sensor of SSBs 
which mediates synthesis of poly (ADP-ribose) chains using NAD+ and subsequently 
modifies some proteins such as histones H1 and H2B, leading to chromatin 
reorganization and recruitment of DNA repair proteins (Schreiber et al. 2006). 
Following SSB recognition by PARP1, DNA end processing is performed by DNA 
polymerase β, and the rest of repair happens the same as in BER (Caldecott 2008). 
The Arabidopsis genome encodes two PARP homologs, PARP1 and PARP2 
(Lepiniec et al. 1995), which are highly expressed in response to oxidative, genotoxic 
or irradiation stress, making the PARP expression a suitable marker for investigating 
presence of DNA damage (Doucet-Chabeaud et al. 2001, Chen et al. 2003). In 
soybean, mild and severe oxidative stress induce a PARP-dependent DNA repair 
pathway and cell death, respectively (Amor et al. 1998). It has been shown that 
chemical inhibition or silencing of PARP genes in Arabidopsis or oilseed rape leads 
to more resistance to abiotic stress such as high light, drought and heat, because of 
energy maintenance due to decrease in NAD+ consumption (De Block et al. 2005) 
and also by induction of defense genes due to abscisic acid (ABA) level change 
(Vanderauwera et al. 2007).  
2.1.4. Nucleotide Excision Repair  
Nucleotide Excision Repair (NER) is an important DNA damage repair pathway for 
removal of bulky DNA lesions, which distort the double helix structure. Bulky DNA 
lesions can be caused by exogenous factors such as UV radiation or endogenous 
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ones like reactive oxygen species (ROS). For instance, UV radiation could cause 
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6,4) pyrimidone 
photoproducts (6-4PPs), whereas cyclopurines are an example of base modifications 
induced by ROS (Gillet and Scharer 2006). 
The NER pathway is initiated by recognition of bulky DNA adducts, followed by 
incision of the lesion-containing fragment and gap filling by DNA polymerases. 
Subsequently, the nicks are ligated. NER is involved in global genome repair (GG-
NER) for example for removing lesions that cause stalled replication forks. However, 
if bulky lesions hinder progress of transcription, transcription-coupled NER (TC-NER) 
is activated (Iyama and Wilson 2013).  
The XPC (Xeroderma pigmentosum complementation group C) protein forms a 
complex with the UV excision repair protein RAD23B which initiates GG-NER by 
recognition of the lesions and binding to the undamaged strand opposite the lesion 
(Figure 1-6) (Hoogstraten et al. 2008, Shell et al. 2013). Next, the XPC-RAD53B 
complex recruits transcription factor II H (TFIIH). TFIIH consists of ten subunits, 
including two helicases, XPB (ERCC3) and XPD (ERCC2), crucial for opening the 
double helix around the lesion (Compe and Egly 2012). Opening of the double helix 
is driven by XPD its helicase activity, whereas the ATPase activity of XPB is needed 
to create a platform for loading the XPA and RPA proteins. XPA mediates the 
release of (CDK)-activating kinase (CAK) of TFIIH, recruiting two endonucleases, 
XPG and XPF-ERCC1 complex, as well as releasing XPC-RAD23B (Araujo et al. 
2001, Coin et al. 2007, Tsodikov et al. 2007, Coin et al. 2008). XPG and XPF-
ERCC1 then carry out 5′ and 3′ incision, respectively and at the same time, XPC, 
XPA and TFIIH are released from the DNA, while ssDNA is still coated by RPA. After 
removal of approximately 30 nucleotides flanking the DNA lesion (Moggs et al. 
1996), DNA polymerases carry out gap-filling with the help of PCNA and the clamp 
loader replication factor C (RFC) (Ogi et al. 2010). Eventually, the formed nick is 
sealed by XRCC1-LIG3 or FEN1-LIG1 (Moser et al. 2007, Mocquet et al. 2008). 
Furthermore, if the helix-distorting lesion is located in an active gene during 
transcription, the transcription-coupled NER (TC-NER) pathway is activated. 
(Hanawalt and Spivak 2008). Stalled elongating RNA polymerase II (RNA Pol II) 
initiates TC-NER by recruiting a complex including CSA and CSB (Cockayne 
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syndrome) proteins, which mediate the recruitment of chromatin remodeling and 
repair factors (Figure 1-6) (Fousteri et al. 2006). It is proposed that except for the 
recognition step, TC-NER includes the same steps as GG-NER. 
 
 
Figure 1-6: Nucleotide excision repair pathway (Iyama and Wilson 2013). In GG-NER, damage is recognized 
by XPC-RAD23B complex, whereas in TC-NER, stalled RNA Pol II at the damage site initiates the process. 
Following recognition, the TFIIH complex is recruited. The helicase subunits, XPB and XPD, promote opening of 
the DNA duplex, facilitating recruitment of XPA and RPA. The XPF–ERCC1 complex and XPG are then recruited 
to the lesion. The two endonucleases, XPF–ERCC1 and XPG, carry out incision of the DNA damage. After 
removal of the damage, a DNA polymerase carries out gap-filling repair synthesis in cooperation with RFC and 
PCNA. Finally, either XRCC1–LIG3 or a FEN1–LIG1 complex seals the nick. 
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Homologs of most of NER related genes are present in plants, including XPC, 
RAD23, XPB, XPD, XPG, XPF, ERCC1, CSA and CSB.  
RAD23-like genes are present in Arabidopsis, rice, maize and carrot (Schultz and 
Quatrano 1997, Sturm and Lienhard 1998, Zuo and Mahajan 2005). It has been 
shown that two isoforms of the RAD23 homolog in carrot are capable of 
complementing the UV-sensitive phenotype yeast rad23 mutant (Sturm and Lienhard 
1998). 
Arabidopsis contains two paralogs of XPB, XPB1 and XPB2, both containing DNA 
binding and helicase domains. XPB1 and XPB2 can partially, but significantly, 
complement UV sensitivity of yeast rad25 (xpb) mutants, implicating that these 
genes are involved in nucleotide excision repair (Costa et al. 2001, Morgante et al. 
2005).  
The XPD homolog of Arabidopsis (also called UVH6) is well conserved, especially in 
the helicase domains. uvh6 mutants display increased sensitivity to UV light and 
reduced excision of UV photoproducts (Liu et al. 2003). Furthermore, expression of 
Arabidopsis XPD in yeast restores normal growth to a rad3 (xpd) mutation that is 
sensitive to temperature (Vonarx et al. 2006).  
The homolog of XPG in Arabidopsis (also named UVH3) displays endonuclease and 
PCNA binding motifs (Kunz et al. 2005), and plants lacking an active XPG gene are 
hypersensitive to UV light (Liu et al. 2001), reflecting its role in UV damage repair. 
Arabidopsis has a homolog of XPF called RAD1 or UVH1 which has nuclease and 
ERCC1 interaction domains. uvh1 mutants are UV sensitive and expression of RAD1 
restores UV resistance and the ability to excise (6-4) photoproducts (Fidantsef et al. 
2000, Liu et al. 2000b). Furthermore, expression of Arabidopsis RAD1 in yeast rad1 
mutants partially complemented their UV light sensitivity (Gallego et al. 2000, Vonarx 
et al. 2002). Arabidopsis RAD1 also removes non-homologous, 3'- overhangs from 
recombination intermediates and its deficient plants are hypersensitive to ionizing 
radiation, pointing to a special role for RAD1 in homologous recombination in plants 
(Dubest et al. 2002, Molinier et al. 2008).  
Arabidopsis mutants deficient in UVR7, the ERCC1 homolog, are hypersensitive to 
UV and γ-radiation, MMS and MMC (Hefner et al. 2003). Interestingly, ERCC1 has a 
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XPA binding domain despite the fact that Arabidopsis lacks an XPA homolog. 
ERCC1 also contains XPF binding domains, proposing its probable role in the NER 
pathway (Kunz et al. 2005). It also has been shown that Arabidopsis ERCC1 has a 
role in recombination in plants by removing non-homologous overhanging DNA 
recombination intermediates and also protecting telomeres in tert mutants from 
homologous recombination (Dubest et al. 2004, Vannier et al. 2009).  
2.2. Double strand breaks Repair 
DSBs are not only caused by variety of DNA damaging agents, including gamma 
radiation, they also happen naturally in all cells. Most organisms are equipped with 
special pathways, such as homologous recombination and non-homologous end-
joining, to repair these kinds of damage and preserve integrity of their genome. 
2.2.1. Homologous Recombination  
Homologous Recombination (HR) is a homology-directed repair pathway that occurs 
during the S and G2 phases of the cell cycle, where sister chromatids are used as a 
template for repair of DSBs (Figure 1-7B). In this process, the MRN (MRE11-RAD50-
NBS1) complex recognizes DSBs and its RAD50 subunit attaches to the end of the 
DSBs. Subsequently, the NBS1 member of the complex associates with ATM and 
mediates recruitment of ATM to the sites of break. MRE11 stabilizes and processes 
the DNA ends by its endonuclease activity (Stracker and Petrini 2011).  
Repair of DSBs by HR requires resection of the 5′ ends to produce 3′-overhangs of 
ssDNA. This resection is initially processed by CtIP (C-terminal-binding protein 
(CtBP)-interacting protein), which was first identified as a tumor suppressor (Sartori 
et al. 2007). BRCA1 (breast cancer susceptibility protein 1) and BARD1 (BRCA1-
associated RING domain protein 1) are also involved in this process by ubiquitination 
of CtIP, which mediates its association with damage sites. CtIP and BRCA1 are 
activated by ATM phosphorylation. Afterwards, ATM-dependent phosphorylation of 
BLM (Bloom syndrome protein, a kind of RecQ helicase), DNA2 (endonuclease) and 
EXO1 (exonuclease1), stimulate rest of the resection (Nimonkar et al. 2011). 
Following the resection, 3′ single stranded DNA accumulates RPA, which eventually 
leads to association of Rad51 to single stranded DNA with the help of BRCA2 
(Jensen et al. 2010). Inhibitory phosphorylation of BRCA2 by CDK limits HR to the S 
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and G2 phases of the cell cycle (Esashi et al. 2005). ATM and ATR also 
phosphorylate BRCA2 in response to DNA damage (Matsuoka et al. 2007).  
In the next step, RAD51 filament locates the homologous template and catalyzes 
strand invasion to form a D-loop (displacement loop) structure, where a DNA 
polymerase extends the invading DNA using the homologous template (McIlwraith et 
al. 2005). Following the extension, two models are possible; formation of double 
Holliday Junctions (dHJs) and synthesis-dependent strand annealing (SDSA). 
Ligation of the invading strand to the second end of the break forms dHJs and needs 
to be resolved to separate two chromatids from each other. HJs could be dissolved 
by BLM/TOPIII (Bloom syndrome protein/topoisomerase III) complex, which can 
open, break and reattach DNA for modifying its topology (Wu and Hickson 2003), 
leading to non-crossover products formation. Alternatively, HJs can be cleaved by 
GEN1, a member of XPG family nucleases that makes symmetrical cuts across the 
junction point (Ip et al. 2008), MUS81/EME1, a complex with high homology to XPF 
protein and endonuclease activity for cutting across the junction (Chen et al. 2001, 
Constantinou et al. 2002), or SLX4, a 5’ flap endonuclease which functions as a 
docking platform for other endonucleases such as MUS81/EME1 (Fekairi et al. 2009, 
Munoz et al. 2009, Svendsen et al. 2009). Activity of these HJ resolvases leads to 
crossover formation. On the other hand, during SDSA, the invading strand displaces 
from the template and reanneals to the second end of the break (Paques and Haber 
1999).  
An Arabidopsis homolog of CtIP, designated COM1, is required for resistance to 
MMC and its depletion makes the plant sterile and unable to form RAD51 foci 
(Uanschou et al. 2007). Arabidopsis COM1 is not required for SDSA (Roth et al. 
2012). Additionally, BRCA1 and BARD1 homologs exist in plants. BRCA1 is the 
most upregulated gene in response to γ-radiation and both of these genes are 
required for homologous recombination in Arabidopsis (Lafarge and Montane 2003, 
Culligan et al. 2006, Reidt et al. 2006, Trapp et al. 2011). 
RAD51 homologs have been identified in several plant species, including 
Arabidopsis, maize, wheat and Physcomitrella patens (Doutriaux et al. 1998, 
Franklin et al. 1999, Ayora et al. 2002, Devisetty et al. 2010). Transcript levels of 
Arabidopsis RAD51 are highly increased in response to γ-radiation (Doutriaux et al. 
1998, Culligan et al. 2006). Additionally, Arabidopsis rad51 mutants are viable but 
completely sterile (Li et al. 2004) and dramatically defective in SDSA (Roth et al. 
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2012). RAD51 has several paralogs with different functions, including help in 
assembly and stabilization of RAD51. Arabidopsis has five other paralogs (RAD51B, 
RAD51C, RAD51D, XRCC2 and XRCC3) which form RAD51C/XRCC3 and 
RAD51B/RAD51C/RAD51D/XRCC2 protein complexes (Osakabe et al. 2002, 
Osakabe et al. 2005). Arabidopsis plants deficient in any of these paralogs are 
hypersensitive to MMC. rad51c and xrcc3 mutants are sterile and thus 
RAD51C/XRCC3 complex is needed for meiosis. Moreover, RAD51C and XRCC3 
are required for SDSA and they are induced in response to γ-radiation. RAD51B 
transcription is also slightly increased after γ-radiation or cis-platin treatment. 
RAD51B, RAD51D and XRCC2 are shown to be involved in somatic homologous 
recombination, but are not required for RAD51 foci formation in response to ionizing 
radiation (Osakabe et al. 2002, Bleuyard and White 2004, Abe et al. 2005, Bleuyard 
et al. 2005, Osakabe et al. 2005, Charbonnel et al. 2011, Roth et al. 2012, Da Ines et 
al. 2013). These results confirm the role of RAD51 and its paralogs in homologous 
recombination in plants. 
Plants possess several RecQ helicaces and functional homolog of BLM helicase is 
AtRECQ4A (Knoll and Puchta 2011). recq4a mutants are hypersensitive to DNA 
damaging agents MMS and cis-platin, which induces intrastrand cross-links, but 
resistant to MMC, an interstrand cross-link inducer, and bleomycin, a DSB-causing 
drug. Moreover, these mutants display increased levels of HR. Depletion of RECQ4A 
can partially rescue the sterile and mitotically impaired phenotype of topiii mutants 
(Hartung et al. 2007). Furthermore, a functional homolog of MUS81 has been 
characterized in Arabidopsis. MUS81 deficient plants are hypersensitive to MMS and 
MMC, and show decreased levels of homologous recombination after treatment with 
those drugs. Although mus81 mutants are viable, double mus81/recq4A mutants are 
lethal (Hartung et al. 2006). The lethality of mus81/recq4A mutants is HR-dependent, 
as depletion of RAD51C rescues the fatal phenotype. It has been reported that 
MUS81 and RECQ4A are required for SDSA in Arabidopsis as well (Mannuss et al. 
2010). These results indicate that MUS81 and RECQ4A proteins are probably 
responsible for processing aberrant replication intermediates in two alternative or 
parallel pathways in plants. 
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2.2.2. Single-Strand annealing  
Single-strand annealing (SSA) is another form of DSB recombination, which occurs 
in highly repetitive DNA sequences (Figure 1-7D). The first steps of the pathway are 
the same as HR, but after RPA associates with single-stranded 3’ overhangs, the 
complex of ssDNA and RPA interacts with RAD52 (Rothenberg et al. 2008, Grimme 
et al. 2010). RAD52 helps in annealing the overhangs to a complementary sequence 
in another repeat, creating DNA flaps. The DNA flaps are then removed by 
ERCC1/XPF endonuclease (Motycka et al. 2004), resulting in a homologous 
deletion.  
A homolog of RAD52 exists in all genome-sequenced plants. Arabidopsis contains 
two RAD52 genes with four splicing forms specialized for nucleus, mitochondria or 
chloroplast. rad52 mutants are sensitive to MMC and display a decreased level of 
recombination. Moreover, RAD52 of Arabidopsis is capable of partial 
complementation of yeast rad52 mutants (Samach et al. 2011). 
2.2.3. Non-Homologous End-Joining 
A major pathway in repairing DSBs is Non-Homologous End-Joining (NHEJ), which 
is an error-prone recombination pathway for repair of DSBs, because it does not 
require a homologous template. It mostly occurs during the G1 phase of the cell 
cycle, where sister chromatids are absent (Lieber 2010). A complex of proteins, 
designed Ku, initiates NHEJ. Ku protein, which is made of the Ku70/Ku80 
heterodimer, is capable of binding to DSBs with or without overhangs. Ku subunits 
form a doughnut-shaped structure and function as a scaffold for other proteins 
involved in NHEJ (Downs and Jackson 2004). Binding of the Ku70/Ku80 heterodimer 
(Ku) to DSB ends is the first step in NHEJ (Figure 1-7A). Later, Ku interacts with the 
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and the whole complex 
stabilizes the DNA ends (Gottlieb and Jackson 1993). DNA-PKcs is absent in plants. 
In the next step, end-processing enzymes (Artemis in mammalians) process the 
DNA ends to produce 5’-phosphorylated ligatable ends (Ma et al. 2002). Finally, 
ligatable ends are joined by a complex of XRCC4 and DNA ligaseIV 
(XRCC4/LIG4)(Grawunder et al. 1997). No enzymatic activity has been ascribed to 
XRCC4 yet, however, it is responsible for bridging of LIG4 to damaged DNA. Finally, 
LIG4 executes ligation of the ends (Davis and Chen 2013). 
DNA Damage Checkpoint Control and Repair in Plants 
 
39 
 
Homologs of Ku70 and Ku80 have been identified in Arabidopsis and it has been 
shown that these proteins can form a heterodimer and bind to double-stranded DNA. 
Furthermore, Ku70 and Ku80 transcripts are dramatically induced in response to 
bleomycin and MMS treatments (Tamura et al. 2002) and ku70 and ku80 mutants of 
Arabidopsis and rice are hypersensitive to DSB-inducing agents (Bundock et al. 
2002, West et al. 2002, Hong et al. 2010). Moreover, rice plants deficient in Ku70 
and Ku80 display a higher rate of homologous recombination (Nishizawa-Yokoi et al. 
2012), probably due to decreased level of NHEJ. 
XRCC4 and LIG4 homologs are present in plants. Transcription levels of Arabidopsis 
LIG4 are induced by γ-radiation but not by UV light and its deficient mutants are 
hypersensitive to MMS and X-ray treatments (van Attikum et al. 2003). Furthermore, 
XRCC4 and LIG4 interact strongly with each other in Arabidopsis (West et al. 2000). 
It has been shown that suppression of LIG4 in rice enhances the level of 
homologous recombination (Nishizawa-Yokoi et al. 2012). 
2.2.4. Alt-NHEJ 
In addition to NHEJ, an alternative end-joining pathway (alt-NHEJ) happens to repair 
DSBs (Figure 1-7C). PARP1 is involved in this process by its ability to sense and 
bind to DSBs. The association of PARP1 with DSBs mediates rapid accumulation of 
the MRN complex to DSBs (Haince et al. 2008). In fact, PARP1 inhibits Ku binding to 
the DNA ends, promoting HR or alt-NHEJ. The next step is resection of DSBs by 
CtIP, which is BRCA1-independent and takes place in G1 (Yun and Hiom 2009). 
Subsequently, 5 to 25 nt microhomology sequences mediate annealing of ssDNA, 
followed by flap trimming and ligation the DNA ends using XRCC1/LIG3 complex 
(Audebert et al. 2004). 
Existence of alt-NHEJ in plants has been demonstrated by the fact that ku80 
mutants of Arabidopsis are still capable of end-joining of broken DNA, whereas level 
of DNA end-joining is markedly decreased in parp or parp/ku80 mutants (Jia et al. 
2013). 
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Figure 1-7: Double-strand break repair pathways (Ciccia and Elledge 2010). A) Non-Homologous End-
Joining (NHEJ), B) Homologous Recombination (HR), C) alternative end-joining pathway (alt-NHEJ) and 
D) Single-Strand annealing (SSA). See text for details. 
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2.3. Ribonucleotide Excision Repair 
DNA polymerases have evolved mechanisms to efficiently recognize and incorporate 
deoxyribonucleotides, but not ribonucleotides, into the genome during DNA 
replication and DNA damage repair. This is done by sugar type discrimination, as 
deoxyribonucleotides possess deoxyribose, whereas ribose is the sugar backbone of 
ribonucleotides (Brown and Suo 2011). However, because ribonucleotide 
triphosphates (rNTPs) levels are 10-to-2000 fold higher than levels of 
deoxyribonucleotide triphosphates (dNTPs) (Ferraro et al. 2010, McElhinny et al. 
2010b), DNA polymerases may misincorporate rNTPs into genomic DNA every 
10000-to-100000 dNTP incorporated, making rNTP the most prevalent aberrant 
nucleotide placed into DNA (McElhinny et al. 2010a, McElhinny et al. 2010b, Reijns 
et al. 2012, Clausen et al. 2013). Ribonucleotides have a reactive 2’OH on the sugar 
part and this makes them more sensitive to strand cleavage, leading to genome 
instability (McElhinny et al. 2010a). Therefore, organisms evolved a repair pathway, 
called ribonucleotide excision repair (RER), which is initiated by ribonuclease H2 
(RNase H2). RNase H is an enzyme that specifically catalyses the degradation of 
RNA in DNA-RNA duplexes (Stein and Hausen 1969). There are two main types of 
RNase H: RNase H1 and RNase H2. Type 1 RNase H needs at least four sequential 
ribonucleotides for recognition and cleavage to occur, while type 2 is able to cut even 
single ribonucleotides and is the only enzyme known to hydrolyze ribonucleotides 
misincorporated during genomic replication (Cerritelli and Crouch 2009, Bubeck et 
al. 2011). When a single ribonucleotide is placed in a DNA strand, RNase H2 incises 
the DNA, 5’ of the ribonucleotide (Figure 1-8), which produces DNA containing 3’ 
hydroxyl and 5’ phospho-ribonucleotide ends. Later, POL δ and/or POL ε, with the 
help of PCNA, initiate DNA synthesis and the created flap is excised by FEN1 and/or 
EXO1, followed by ligation of the nick using LIG1 (Rydberg and Game 2002, Sparks 
et al. 2012, Williams et al. 2012). 
It has been shown that RNase H2 of Saccharomyces cerevisiae and human consists 
of three subunits (A, B and C) (Jeong et al. 2004, Crow et al. 2006, Rice et al. 2007, 
Chon et al. 2009). Subunit A, which is the catalytic one, is well conserved between 
prokaryotes and eukaryotes. However, subunits B and C of S. cerevisiae and human 
are evolutionary distant from each other (Chon et al. 2009). Human RNase H2B 
binds to PCNA and not only boosts cleavage of misincorporated ribonucleotides in 
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DNA helices during replication, but also enhances hydrolysis of RNA primers from 
Okazaki fragments, which are short RNA primers followed by DNA nucleotides, used 
as primers for initiation of replication on the lagging strand (Chon et al. 2009, Bubeck 
et al. 2011). Recently, an intriguing recognition mechanism has been demonstrated 
in which RNase H2 excises misincorporated ribonucleotides during DNA replication 
and the created nicks function as markers of the nascent DNA strand (Ghodgaonkar 
et al. 2013, Lujan et al. 2013). 
 
 
Figure 1-8: Ribonucleotide excision repair (Sparks et al. 2012). RNase H2 makes a nick in the DNA 5’ of the 
incorporated ribonucleotide. Then, POL δ/ε, with the help of PCNA, synthesize nucleotides and the flap is then 
excised by FEN1/EXO1, which is followed by LIG1-dependent ligation of the nick.  
Mutations in Human RNase H2 cause Aicardi-Goutieres syndrome (AGS), an 
immune-mediated neurodevelopmental disorder, which is generally fatal (Rabe 
2013). Moreover, mouse RNase H2 is essential for genome integrity and RNase H2 
null mice are embryo lethal (Reijns et al. 2012). Although yeast rnaseh2 mutants are 
viable, they display hypersensitivity to DNA damaging drugs such as hydroxyurea 
and caffeine (Arudchandran et al. 2000), indicating the importance of RNase H2  in 
genome maintenance.  
Through genome-wide bioinformatic analysis of the core DNA replication machinery, 
a homolog of RNase H2A has been found in Arabidopsis with 70, 54 and 83 percent 
amino acid similarity versus human, yeast and rice respectively, although no RNase 
H1 homolog have been identified in any studied plant species (Shultz et al. 2007). 
However, the role of plant RNase H2 has not been investigated yet. 
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2.4. Salicylic acid and DNA damage response 
Both DNA damage repair and immune responses involve cell cycle arrest or even 
cell death (Ciccia and Elledge 2010, Spoel and Dong 2012). Interestingly, salicylic 
acid (SA), a phenolic phytohormone which mediates plant defense against 
pathogens, is capable of increasing the HR rate in plants (Lucht et al. 2002, 
Kovalchuk et al. 2003). It has been shown that NPR1 (nonexpressor of PR genes 1) 
and SNI1 (suppressor of npr1-1, inducible 1) are responsible for SA-mediated 
defense responses. NPR1 is a positive regulator of defense whereas SIN1 
negatively regulates defense genes sni1 mutants display higher level of HR (Cao et 
al. 1997, Li et al. 1999, Durrant et al. 2007). It has recently been shown that SIN1 is 
a subunit of the Structural Maintenance of Chromosome (SMC) complex which is 
involved in DNA damage response. sin1 mutants or SA-treatment of plant could 
induce DNA damage and transcriptionally upregulate defense genes. These 
upregulation, however, is absent in plants deficient in DNA damage sensing genes, 
indicating that activation of DNA damage response happens  during immune 
responses in plants (Yan et al. 2013). Better understanding of the connection 
between phytohormone signaling and DNA damage repair pathways can help in 
improving crop yield.  
 
3. Conclusions 
In this review, we have presented an overview of the current knowledge about DNA 
damage checkpoints and repair systems in animals and plants. It seems that many 
factors involved in DNA repair pathways and DNA damage sensors are well 
conserved between animals and plants. However, DNA damage checkpoint control 
pathways are distinctive and several key components of the signal transduction 
pathway are likely absent in plants. This dissimilarity might be due to differences in 
growth conditions as plants are sessile and are limited in avoiding stress situations. 
Plants do not limit their growth under mild stress to be able to survive in a highly 
competitive environment. Considerable efforts have been made to understand DNA 
damage response in plants; however, we are still far from a complete understanding 
of plant-specific DNA damage control. Hopefully, future studies will reveal how plants 
regulate their development under various stresses.  
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Abstract  
Cell cycle progression is mediated by the timely activation of cyclin-dependent 
kinases (CDKs). When DNA damage occurs in the S or G2 phases of the cell cycle, 
WEE1 phosphorylation interferes with binding of the cofactor ATP, resulting into an 
inhibition of CDK activity. Entry into mitosis is blocked until the damage has been 
repaired, ensuring that the cell does not make a potentially dangerous attempt to 
segregate damaged chromosomes. The Arabidopsis WEE1 gene is strongly 
transcriptionally activated in response to treatments that induce either DNA damage 
or DNA replication stress. Correspondingly, WEE1 knockout plants fail to adapt their 
S phase progression towards DNA replication inhibitory drugs, resulting into an 
accumulation of DNA damage and loss of cell division competence. To identify 
molecular mechanisms by which WEE1 controls the DNA replication rate during 
DNA stress, an ethyl-methanesulfonate (EMS) mutagenesis was performed on the 
WEE1 knockout plants, resulting into the identification of 25 candidate mutants 
capable of tolerating replication-inhibitory drugs. Microscopic observations illustrated 
that these lines show a total or partial suppression of the premature cell 
differentiation phenotype, normally observed in the WEE1 knockout mutants. Using 
Next Generation Sequencing (NGS), a mutation in subunit A of the Rinonuclease H2 
(RNase H2) complex was discovered to rescue the WEE1 knockout phenotype on 
hydroxyurea.  
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1. Introduction 
Genome integrity is a serious matter for viability and inerrant transmission of genetic 
information to the next generation. During growth and development, especially in 
immobile plants, DNA content is attacked by either environmental stress, such as UV 
radiation, or endogenous factors, such as replication errors and reactive oxygen 
species (ROS). DNA damage can induce a signal transduction pathway, called the 
DNA damage response (DDR). DDR activation can have different consequences, 
including activation of the DNA repair system, arresting of the cell cycle by checkpoint 
activation to give the cells adequate time to repair their DNA before entering into 
mitosis, and even programmed cell death (PCD). 
Central players of the DDR in eukaryotes, including plants, are two conserved related 
protein kinases, Ataxia Telangiectasia Mutated (ATM) and ATM- and RAD3-related 
(ATR). ATM is responsible for the response to ionizing radiation (IR). In general, ATR 
is triggered by stalled replication forks and also recognizes single-stranded DNA 
(ssDNA), whereas ATM is activated by double strand breaks (DSBs) (Garcia et al. 
2003, Culligan et al. 2004, Culligan et al. 2006, Ricaud et al. 2007, Ciccia and 
Elledge 2010). In animals, ATM- and ATR-dependent phosphorylation of plenty of 
downstream proteins, including WEE1 and CDC25, controls the cell cycle checkpoint 
activation. Inhibitory phosphorylation of cyclin-dependent kinases (CDKs), which are 
key regulators of cell cycle progression, is mediated by WEE1 protein kinase. On the 
other hand, CDC25-mediated dephosphorylation of CDKs leads to their activation 
(Harper and Elledge 2007).  
A functional homolog of CDC25 is missing in plants, indicating that they might have 
plant-specific mechanisms for cell cycle control and DNA damage signaling (Boudolf 
et al. 2006). However, plants possess a homolog of the WEE1 protein kinase (Sun et 
al. 1999, Sorrell et al. 2002, Gonzalez et al. 2004). Transcript levels of Arabidopsis 
WEE1 are enhanced upon treatment with replication-inhibitory drugs or γ-radiation in 
an ATR- and ATM-dependent manner, respectively. Moreover, WEE1 knockout 
mutants of Arabidopsis show the wild-type phenotype under normal conditions, 
however, they are hypersensitive to replication stress (De Schutter et al. 2007). In 
addition, replication-blocking agents cause a prolonged S phase and delayed cell 
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cycle progression in wee1 mutants, implicating an intra-S-phase checkpoint role for 
WEE1 in response to replication stress (Cools et al. 2011).  
Agents or conditions that interfere with progression of replication cause replication 
stress. Hydroxyurea (HU) is one of these agents and affects the progression of the 
replication fork by inhibiting ribonucleotide reductase (RNR) by radical scavenging 
activity on RNR subunits, which is responsible for reduction of ribonucleotides to 
deoxyribonucleotides (deoxynucleoside triphosphates or dNTPs) used for DNA 
synthesis. Decreased levels of dNTPs, leading to stalled replication forks, activates a 
checkpoint in wild-type cells, which in turn slows down the cell cycle and stabilizes 
the replication complex until the stress is passed (Lopes et al. 2001, Alvino et al. 
2007). However, Arabidopsis WEE1 knockout mutants are not capable of adapting 
their replication rate to the availability of dNTPs upon HU treatment, leading to root 
growth inhibition and premature cell differentiation. 
Forward genetic screening is an approach for identifying genes responsible for a 
phenotype of interest. In a forward genetic screen, genetic alteration is artificially 
induced and mutagenized plants are screened for phenotypes of interest. Ethyl-
methanesulfonate (EMS) is an effective mutagenic compound which randomly 
generates point mutations by nucleotide substitution in genetic material. This process 
includes a guanine alkylation. EMS transfers an alkyl group (C2H5) to a ketone group 
in guanine, forming an abnormal base: O-6-ethylguanine. This malformed base acts 
as an analog of adenine. Therefore, during DNA replication, DNA polymerases place 
thymine, instead of cytosine, opposite O-6-ethylguanine. Following consecutive 
rounds of replication, the original G:C base pair can become an A:T pair, leading to a 
transition mutation, which is a change from a purine nucleotide to another purine or a 
pyrimidine nucleotide to another pyrimidine . EMS can induce mutations at a rate of 
5×10-4 to 5×10-2 per gene without considerable killing  (Budavari 1989). 
Mapping of the mutagenized gene responsible for a phenotypic alteration can be 
done using several approaches, including Next Generation Sequencing (NGS). NGS 
technologies have accelerated genetic mapping by providing high-resolution genetic 
information. This approach eliminates time-consuming and costly traditional mapping 
assays, such as map-based or positional cloning of mutations (Austin et al. 2011). In 
principle, the whole genome of a mutant is broken into short fragments and can be 
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2. Results  
2.1. EMS mutagenesis and mutants screening 
A total of about 50.000 WEE1 knockout seeds (wee1-1) were exposed to EMS 
treatment and equally distributed in 200 pools for sowing in soil. Root growth of the 
offspring plants (M1 generation) were compared to that of wee1 mutants in the 
presence of hydroxyurea (HU), resulting into the identification of 195 candidate 
mutants with the ability to revert the wee1 mutant root phenotype (Figure 2-2). 
Progeny of these plants (M2 generation) were retested for rescued root growth in the 
presence of HU and aphidicolin. Aphidicolin hinders DNA replication by inhibiting 
DNA polymerases through competing with dCTP for binding to DNA polymerases 
(Ikegami et al. 1978). These lines were checked for potential wild-type contamination 
by genotyping for wee1-1 and finally 25 lines were found to tolerate both replication-
inhibitory drugs to different extents (Supplementary Figure 2-1 and Supplementary 
Figure 2-2). 
 
  
 
 
 
 
Figure 2-2: Identification of rescued WEE1 knockout mutants. EMS mutagenized WEE1 mutants were 
screened for rescued root growth (red arrow head) in the presence of the genotoxic compound hydroxyurea. 
Control lines (indicated by white arrows) show a normal root growth. 
 
2.2. Root growth analysis and vascular cell death observation 
In order to choose the best mutants for mapping and further studies, a quantitative 
root growth analysis was performed. Seeds of the revertants, together with wild-type 
(Col-0) and wee1-1 seeds, as positive and negative controls respectively, were grown 
vertically on growth medium containing 0.75mM HU. Root growth measurement was 
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done 14 days after plating. From 25 mutants, all of them showed a significant  
difference (p-value < 0.05, Student’s t-test) in root length compared to wee1-1 plants 
(Figure 2-4). Mutants were divided in two groups of long (root length significantly 
more than twice-root length of wee1-1 line (p-value < 0.05, Student’s t-test)) and 
short (root length significantly less than twice-root length of wee1-1 line (p-value < 
0.05, Student’s t-test)). The short root length group consists of lines 28-2, 65-9, 106-
1, 11-2, 13-1, 46-1, 67-4, 10-2, 176-1, 55-1, 49-2, 7, 26-2 and 113-2. The long root 
length group contains lines 67-6, 67-1, 165-4, 70-4, 70-3, 14-1, 67-3, 165-2, 25-3, 71-
1 and 9-3. 
WEE1 knockout plants undergo premature vascular differentiation in the presence of 
HU (Cools et al. 2011). This process leads to vascular cell death which can be 
observed by confocal microscopy following propidium iodide (PI) staining. This 
fluorescent dye outlines the walls of living cells but penetrates through the plasma 
membrane of dead cells. In order to investigate the amount of cell death in the 
revertant mutants, seedlings were transferred to 1mM HU containing medium 7 days 
after germination on normal medium. 24 hours after transfer, root tips were stained 
using PI and observed by confocal microscopy. Microscopic observations illustrated 
that these lines show different degrees of suppression of the premature cell 
differentiation phenotype, normally observed in WEE1 knockout plants (Figure 2-4). 
Several mutants (70-3, 67-6, 46-1, 25-3, 67-1, 55-1, 10-2, 165-4,  176-1, 65-9, 106-1, 
7, 71-1, 67-3 and 165-2) show a partial or total rescue from WEE1 knockout cell 
death phenotype, while others (13-1, 70-4, 49-2, 28-2, 26-2, 113-2, 9-3, 67-4, 11-2, 
14-1) still contain substantial amount of cell death.  
While for some of the mutants root growth inhibition positively correlates with severity 
of cell death (165-4, 67-1, 67-6, 165-2, 67-3, 70-3, 25-3, 71-1, 7 and 55-1), for others 
this is not the case. Mutant lines 70-4, 14-1, 113-2, 26-2, 9-3 and 49-2 showed 
considerable amount of cell death despite having long or medium root length, 
whereas lines 65-9, 106-1, 46-1, 67-4, 10-2 and 176-1 did not go into severe 
premature cell differentiation while having a short root.  
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Figure 2-4: Complete or partial rescue of the vascular cell death phenotype of WEE1 knockout roots upon 
Replication Stress. PI staining of Col-0, wee1-1 and mutants 24 hours after treatment with 1mM HU. 
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Figure 2-5: Daily root growth. Seedlings were transferred to 1mM HU, 7 days after germination on normal MS 
medium. Root growth rate was measured every day after the transfer. Data represent mean ± SD (n>20). 
To investigate whether the mutants could cope with the replication stress even after a 
period of growing under normal condition, seeds were germinated on normal medium 
and then transferred to the growth medium containing 1mM HU, 7 days after 
germination. Root growth was measured daily after the transfer. The mutant lines 
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(67-6, 67-1, 165-4, 25-3, 70-3 and 55-1), which displayed rescue from both root 
growth and cell death phenotype, were chosen for this experiment and could resist to 
HU to different extends after transferring (Figure 2-5). Lines 70-3 and 165-4 displayed 
highest and lowest sensitivity, respectively. Therefore, lines 165-4, 67-1, 25-3 and 55-
1 were chosen for further investigation. 
 
2.3. Observed resistance to hydroxyurea probably is not due to 
mutation in catalase enzyme  
It has been shown that hydroxyurea toxicity in Arabidopsis is dependent on the 
activity of catalases (CATs) (Juul et al. 2010, Hackenberg et al. 2013). Catalases are 
enzymes that catalyze decomposition of hydrogen peroxide (H2O2) to water and 
oxygen, which protects cells form oxidative damage by reactive oxygen species 
(ROS) (Mhamdi et al. 2010). Arabidopsis mutants deficient in the CATALASE2 gene 
(cat2) and the NO CATALASE ACTIVITY1 gene (nca1) are more resistant to high 
concentrations of HU in comparison with wild-type plants (Juul et al. 2010, 
Hackenberg et al. 2013).  
The ability of plants to normally perform photosynthesis is affected by oxidative 
stress. Therefore, efficiency of photosynthesis and chlorophyll fluorescence 
measurement can be used as a proxy of stress levels. The maximum quantum yield 
(MQY) of PSII (photosystem II) (F’v/F’m) can be used as a measure for oxidative 
stress level (Baker 2008, Vanderauwera et al. 2012). Higher levels of oxidative stress 
result in lower MQY, which can be observed in different colors using a fluorometer. 
Higher stress displays a tendency toward yellowish and reddish (Figure 2-6).  
Catalase deficient mutants are defective in oxidative stress tolerance (Vandenabeele 
et al. 2004), which could be detected by MQY after exposing to the stress. To quickly 
assess whether HU resistance of our mutants is due to a mutation in catalase activity, 
we checked mutant lines 165-4, 67-1, 25-3 and 55-1 for possible catalase deficiency. 
Col-0, wee1, cat2 and the selected mutants were grown under continuous light and 
the exchange of oxygen and CO2 was limited using sealing of the plates by two 
layers of Parafilm®. Later, MQY was measured using a WALZ-PAM fluorometer as a 
proxy of the oxidative stress tolerance (Figure 2-6). None of the mutants show the 
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same level of stress as in cat2 mutants, indicating that the mutated genes were most 
likely different from CAT2. However, it still might be possible that the CAT2 gene or 
the NCA1 gene is mutated in addition to another mutation which complements the 
cat2 phenotype.   
 
 
Figure 2-6: Maximum Quantum Yield (MQY) of Photosystem II. Lower MQY is indicative of higher oxidative 
stress. The code ranges from black via red, orange, yellow, green, blue and violet to purple, and these colors 
code for numbers between 0 and 1. cat mutants are dramatically under oxidative stress upon continuous light and 
oxygen limitation stress treatment.  
  
Identification and Mapping of a WEE1 Knockout Complementation Mutant  
 
74 
 
2.4. Mutation in subunit A of RNase H2 restores the WEE1 knockout 
phenotype under replication-inhibitory drugs usage 
Considering the level of cell death and root growth rate under replication stress, 
mutant 67-1, designated Triffid 1, was selected for mapping. The Triffid 1 mutant (in 
the Col-0 background containing a T-DNA insertion for inactivating WEE1 gene) was 
crossed to Ler. The F1 plant was allowed to be self-fertilized. F2 segregants were 
then plated in the presence of HU and screened for drug tolerance. Since the WEE1 
knockout T-DNA insertion was not present in Ler background, 1 out of 16 F2 plants 
contained both the mutation and the T-DNA insertion (Figure  2-9A). Therefore, about 
1120 seedlings with long root on the medium were genotyped for the presence of the 
homozygous WEE1 knockout T-DNA insertion. On the other hand, Triffid1 was 
crossed with the WEE1 knockout parent. The progeny of this cross segregated with 
3:1 ratio in F2 generation, inferring that one single mutation is responsible for the 
phenotype. To have a rough idea of where the mutation lies, a crude mapping using 
Simple Sequence Length Polymorphism (SSLP) markers (Hou et al. 2010) was done 
on a genomic DNA sample from a pool of 70 plants, possessing the T-DNA insertion 
as well as the mutation phenotype. The results of this mapping detected two 
aggregates of Col-0 SSLPs (Figure  2-9B). One is placed on chromosome I around 
nga63 marker which is in proximity of the WEE1 knockout T-DNA. The other one is 
located on chromosome II in the vicinity of F3P11 marker. DNA of these plants was 
used for sequencing.   
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After constructing a genomic DNA library, 26,785,650 reads (fragments) with 50 
bases in length were sequenced. This resulted in 1,339,282,500 bases. The SHORE 
pipeline was used for the first step of analyzing the data. SHORE is a mapping and 
analysis application for short DNA/RNA reads produced by the Illumina Genome 
Analyzer platform (Ossowski et al. 2008). In principle, reads are aligned to the 
reference sequence (here Col-0). Base counts per position and SNPs are also 
determined based on the alignments. The candidate zone is narrowed based on the 
relative allele frequencies of the two parents (here Col-0 and Ler) by SHOREmap 
which is an analysis pipeline for mapping and mutant identification in a single step 
(Schneeberger et al. 2009). Candidate mutations in the predicted interval are ranked 
based on their distance to the allele distribution peak.  
For Triffid1, up to 4 mismatches were allowed and 93.35% (25,003,278) of reads 
were aligned to the reference sequence (Figure 2-8A) of which 83.25% (20,815,730) 
were non-repetitive. This resulted into an average of 9.2-fold genome coverage. 
aligned sequences were error-free and 96% had at most three errors (Figure 2-8B). 
 
 
 
 
 
                                                         
     
A                                                                                      B 
Figure 2-8: A) Read alignment to the reference. Approximately 93% of reads were aligned to the reference. B) 
Fraction of mismatches per read. Approximately 60, 15, 13, 8 and 4 percent of reads were mapped respectively 
without, with 1, 2, 3 and 4 mismatches. The numbers above each point are the absolute read counts. 
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The distribution of the errors in the reads is shown in Figure 2-9. Numbers of read 
errors are higher around the read start and end, probably due to technical procedures 
during the sequencing process. 
 
Figure 2-9 : Percentage of sequencing errors per read position. Error rate is higher around the read start and 
end. 
 
Relative frequency of parents’ alleles is plotted in Figure 2-10. There are 2 peaks 
close to 1 for the reference allele. One at the beginning of chromosome 1 and the in 
the middle of chromosome 2 which correspond to the rough mapping results (Figure 
 2-9B, WEE1 knockout T-DNA insertion and Triffid1 mutation, respectively).   
The interval of 7,000,000 to 12,000,000 on chromosome 2 was used as input for 
ANNOTATE in SHOREmap. Top ten ranked mutations from the ANNOTATE output 
are listed in Table  2-1. 
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 Figure 2-10: Relative frequency of reference allele (winstep:10000 winsize:500000). Two peaks, on 
chromosome I and II are indicated by arrows. 
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Figure 2-11: Structure of RNase H2 subunit A. Position of the change is indicated by red arrows. A) Intron-exon 
organization of Arabidopsis RNase H2A gene. B) The altered glycine is highly conserved. C) 3-D structure of 
Arabidopsis RNase H2A predicted using SWISS-MODEL (Bordoli and Schwede 2012). The change is located 
next to a tyrosine finger, which affects the substrate binding.  
 
The first detected mutation in the list is a change from cytosine to thymine in the 
codon position number 584 in the AT2G25100 gene which resulted in a glycine 
(GGA)-584 to glutamic acid (GAA) change, approximately 2 kb from the peak. The 
AT2G25100 gene is annotated as the coding gene of subunit A of the RNaseH2 
protein. The alteration is situated in a conserved domain (Figure 2-11). A tyrosine 
finger next to the altered glycine is pivotal for the nucleic acid distortion and allows 
the substrate binding (Rychlik et al. 2010), indicating the importance of the change for 
the function of the protein. 
2.5. Confirmation of the mutation by re-sequencing  
To double-confirm the change from cytosine to thymine, 7 individual mutant plants 
were used for extracting genomic DNA. The RNase H2A coding gene was amplified 
using specific primers (2 times independently using a proofreading polymerase) and 
Identification and Mapping of a WEE1 Knockout Complementation Mutant  
 
81 
 
the purified reactions were sequenced using another pair of specific primers, flanking 
the change position. All the 28 sequenced samples showed a change from cytosine 
to thymine at the same position. 
2.6. Mutation in RNase H2 among the other mutants 
To inquire the possibility of existence of a mutation in RNase H2 coding genes in 
other mutants, the coding genes of subunit A, B and C of RNase H2 were amplified 
using specific primers and the purified reactions were sequenced. Neither RNase 
H2B nor RNase H2C was mutated in any of the complementing mutants. However, 
mutant lines 67-6 and 67-3, which were originally isolated from pool 67, possessed 
exactly the same mutation change in Triffid1 (67-1), possibly originated from the 
same M2 plant.  
2.7. The complementing wee1 lines are mutated in different genes 
To investigate whether the mutations in the remaining mutants are in different genes, 
a complementation test was performed through crossing of the mutants (70-4, 49-2, 
26-2, 113-2, 9-3, 67-4, 11-2, 14-1, 70-3, 46-1, 25-3, 55-1, 10-2, 165-4, 176-1, 65-9, 
106-1, 7, 71-1 and 165-2) in all the possible combinations. F1 of all the crossed 
mutants displayed the WEE1 knockout mutant phenotype under HU treatment, 
indicating that they are mutated in different genes. 
3. Discussion 
A forward genetic screening was performed to investigate the underlying molecular 
reasons for the loss of meristem cell identity of WEE1 knockout plants under 
replication stress. We obtained several EMS generated mutants with the ability to 
complement the mutant phenotype upon treatment with the replication stress-
inducing drugs hydroxyurea and aphidicolin. Hydroxyurea hinders reduction of 
ribonucleotides to deoxyribonucleotides, resulting in a decreased level of dNTPs and 
replication fork stalling (Alvino et al. 2007), whereas aphidicolin limits DNA replication 
by inhibiting DNA polymerases (Ikegami et al. 1978). Aphidicolin resistant mutants 
have been identified in viruses, Chinese hamster, mouse and human cells mutated in 
DNA polymerases (Dong et al. 1993, Feher and Mishra 1995, Hwang et al. 2004, Ma 
et al. 2010, Feng et al. 2012). Therefore, resistance of the mutants to both drugs is 
indicative of a replication checkpoint-related mechanism behind their phenotype 
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rather than just a mutation in DNA polymerases or an alteration in the level of dNTP 
access. 
In this study, different mutants display various levels of complementation of the 
WEE1 knockout phenotype under replication stress. While some of them can partially 
restore the root growth and decrease the extent of cell death, some still display root 
growth inhibition without showing a considerable amount of cell death, and others 
show a severe cell death phenotype despite having long or medium root length. 
Absence of a link between cell death and root growth inhibition might be due to a 
mutation in the pathways other than the one WEE1 protein kinase is involved. Since 
WEE1 deficient plants display both root growth inhibition and premature cell 
differentiation in response to replication damage, a change in just one of these 
phenotypes might be WEE1-independent. For example, improved root growth but no 
decrease in the level of cell death might be due to competence of the mutant for 
better growth even in the absence of replication-inhibitory drugs, which is not related 
to WEE1 kinase and replication stress. For instance, it has been shown that mutants 
defective in the UPBEAT1 transcription factor (UPB1), that balances cellular 
proliferation and differentiation, have longer roots than wild-type plants under normal 
condition because of a delay in differentiation onset (Tsukagoshi et al. 2010).  
Growing of the mutants on normal growth medium and then transferring them to 
replication stress confers lower levels of resistance in comparison to directly 
germinating them on the replication-inhibitory drug. A possible reason for this 
observation might be the fact that DNA replication is initiated at the onset of root 
protrusion, when germination has reached its end (Barroco et al. 2005, Masubelele et 
al. 2005). Since the cell cycle is initiated only after completion of germination, cells, 
which are germinated on replication stress, probably have more time to activate a 
checkpoint, which renders more resistance to DNA damage. 
Among numerous mutants isolated, a mutation in subunit A of Ribonuclease H2 was 
identified to be responsible for one of the complementation phenotypes. Considering 
that only one RNase H2A allele was identified, it is likely that several different genes 
are mutated in the other mutants with possibility for further investigation. It is worth 
mentioning that we have also tried to map two other mutants (25-3 and 55-1), 
however, we were not able to recognize a peak related to the possible mutation in the 
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SHOREmap output file of relative frequencies. This most likely is due to 
contamination of the pools with WEE1 knockout lines which did not harbor the 
mutation causing the phenotype. Since 1 out of 16 F2 plants contained both the 
mutation and the wee1 T-DNA insertion, for a pool of 100 individual plants, at least 
1600 F2 plants needed to be genotyped for WEE1 knockout. Laborious amount of 
work for genotyping of WEE1 knockout increases the possibility of contamination. 
The mechanism of contribution of RNase H2 to the WEE1 knockout phenotype is 
investigated and discussed in detail in the next chapter.   
Identification and Mapping of a WEE1 Knockout Complementation Mutant  
 
84 
 
4. Materials and Methods 
4.1. Plant materials and growth conditions 
Arabidopsis thaliana plants were grown in vitro vertically under long-day conditions 
(16 h light/8 h darkness) at 21°C on half-strength Murashige and Skoog (MS)(2.151 
g/L) (Duchefa), 10 g/L sucrose, and 0.5 g/L MES, pH 5.7, adjusted with 1 M KOH 
and 10 g/L agar. For HU and aphidicolin treatments, plants were grown on HU- or 
aphidicolin-containing media (Sigma-Aldrich). The HU concentration used was 0.75 
mM for direct germination and 1 mM for transfer experiments. Aphidicolin was 
brought to a final concentration of 6 μg/mL. The WEE1 and CAT2 knockout lines 
have been described previously (De Schutter et al. 2007, Juul et al. 2010). For 
measuring maximum quantum yield of photosystem II, plants were grown in vitro 
sealed with two layers of Parafilm® under continuous light at 21°C on half-strength 
MS. The maximum quantum yield (MQY) (Fv’/Fm’) (Baker 2008, Vanderauwera et al. 
2012) was determined with a PAM-2000 chlorophyll fluorometer and Imaging Win 
software application (Walz) on light-adapted plants. 
4.2. EMS mutagenesis  
WEE1 knockout mutant seeds were soaked for 12 h in 0.25% (v/v) Ethyl 
methanesulfonate (Sigma-Aldrich) and then washed 2 times for 15 min with 0.1 M 
sodium thiosulfate (Sigma-Aldrich) and 2 times for 15 min with water, dried and sown 
in 200 pools of each 250 seeds. After self-fertilization of the M0, the M1 seeds were 
grown, and the M2 seeds were collected from individual M1 plants. The M2 plants 
were screened for restoration of root growth on vertical plates containing HU. 
4.3. Root growth measurements 
The root tips were marked on the plate and length of the roots were measured and 
analyzed by ImageJ. 
4.4. Confocal microscopy 
Plants were stained for 2 min in a 10 μM propidium iodide (PI) solution (Sigma-
Aldrich) and were analyzed with either LSM 510 or LSM 5 exciter confocal 
microscope (Zeiss). 
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4.5. Rough mapping 
Leaf samples were bulked prior to DNA extraction with the DNeasy Plant Mini Kit 
(Qiagen). DNA samples and primers listed in Supplementary Table 2-1 were used 
for PCR reactions. 
4.6. Library preparation and sequencing 
Leaf samples of equal size were used for high-quality nuclear DNA extraction 
(260:280 ratio > 1.8) according to (Schneeberger et al. 2009). The leaves were 
bulked prior to DNA extraction. Illumina True-Seq libraries were generated from 
extracted DNA according to the manufacture’s protocol and sequenced on an 
Illumina HiSeq2000 50-bp single read run. The SHORE pipeline (Ossowski et al. 
2008) was used for the alignment to the reference genome (Col-0). Base counts per 
position and SNPs are also determined based on the alignments. The candidate 
zone is narrowed based on the relative allele frequencies of the two parents (Col-0 
and Ler) by SHOREmap (Schneeberger et al. 2009). Command line programs and 
parameters used in this study are listed in Supplementary Table 2-2. 
 
 
  
Identification and Mapping of a WEE1 Knockout Complementation Mutant  
 
86 
 
5. Supplemental information 
 
Supplementary Figure 2-1: WEE1 knockout, Col-0 and the mutants grown on 0.75mM HU. 
 
 
Supplementary Figure 2-2: WEE1 knockout, Col-0 and the mutants grown on 6µg/ml aphidicolin. 
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Supplementary Table 2-1: Primers used for crude mapping 
Chr. Position (Mb) BAC Sequence  
1 3.2 nga63-FWD AACCAAGGCACAGAAGCG 
1 3.2 nga63-REV ACCCAAGTGATCGCCACC 
1 7.7 F8K7-FWD GAACAATCAAGCCACCTCTAG 
1 7.7 F8K7-REV TCAGTGTCAGTTGAAAGTTTAAGC
1 16.5 F28H19-FWD TGCGGGAGTGTGATAGAATA 
1 16.5 F28H19-REV TCCTCGAAAGATTCATTGAT 
1 22.9 F19K23-FWD GAATTCTGTAACATCCCATTTCC 
1 22.9 F19K23-REV GGTCTAATTGCCGTTGTTGC 
1 26.3 T17F3-FWD GGACCGACGGTTACGAGAGT 
1 26.3 T17F3-REV TAACGGGCCGTTGCAAGA 
2 0.4 T23K3-FWD CGTGTTTACCGGGTCGGA 
2 0.4 T23K3-REV AAAACCCTTGAAGAATACG 
2 8.4 F3P11-FWD ATGTATTTGTTGCAAAATAA 
2 8.4 F3P11-REV TGCACAGAAGAAAAAACTA 
2 11.6 T20P8-FWD TCCGATTCGATTAAACTC 
2 11.6 T20P8-REV TTATTTCCTATTTCAAGACT 
2 16.4 T16B24-FWD ATGAACGGAGTAGCTATC 
2 16.4 T16B24-REV CGCGTAGAACATAATCTGTA 
3 0.9 F20H23-FWD CAATGGGAAGAAGGTGTGAG 
3 0.9 F20H23-REV CGCATTTCCATAAGTTTGTT 
3 5.6 MGL6-FWD ACCTGTTCAGTCTATGTTAC 
3 5.6 MGL6-REV GGGAATTATTAACATTATCA 
3 11.1 MU022-FWD CCCTGCTCTTCTTGTTGTCA 
3 11.1 MU022-REV TGCAGCAGGATAGGTTGGT 
3 16.3 T32N15-FWD CAAAAGAAATGCAACGAGAC 
3 16.3 T32N15-REV TTTGATCATGAATGGTAGTG 
3 20.3 F28P10-FWD GAATAAACCATGTTGCCAAACATC
3 20.3 F28P10-REV CATTTGATGCCCTGATAATTTCTC 
4 1.3 T4I9-FWD TTATAGCAAACGTACAAGTC 
4 1.3 T4I9-REV CTGCATACACGTCGTCTC 
4 6.1 F17A8-FWD CTGGACCCTAGTGGATGT 
4 6.1 F17A8-REV GACGGTTCTCCATTAATTAT 
4 9.8 FCA8-FWD TTCGGAGAAAGAAACGACAT 
4 9.8 FCA8-REV ATGGAACTATTCAGGCATTA 
4 13.4 T15N24-FWD GCAACCGCTGCTGCTTTA 
4 13.4 T15N24-REV AATATTTGGCTTTGCGTAGA 
4 16.5 T4L20-FWD ACCCTAAAACAATGTCTCTT 
4 16.5 T4L20-REV TGCTAACATGGAAATTTGTC 
5 2.5 MBK20-FWD CTCTGTTGGGGCAAAACC 
5 2.5 MBK20-REV GATGCTGGAGAGTAGCTTAG 
5 8.4 nga139-FWD AGAGCTACCAGATCCGATGG 
5 8.4 nga139-REV GGTTTCGTTTCACTATCCAGG 
5 13.6 T26D22-FWD CACAGGCCATTGGATGTA 
5 13.6 T26D22-REV TGTTAGAACCCACCATTTG 
5 20.0 K6M13-FWD CCTGTTCCAATGAATATG 
5 20.0 K6M13-REV TGTAGCTGCTGAGTTGTC 
5 25.5 MGI19-FWD GCTTGACATGAAGTGCTAAAC 
5 25.5 MGI19-REV TCTGTGTGATTCTCTCCAAGG 
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Program  Parameters 
shore preprocess   -f TAIR_ch_all.fa 
-i IndexFolder 
shore import   -v Fastq 
-a genomic 
-e shore 
-x Fastq File (Illumina reads file) 
-o Run_Triffid1 
shore mapflowcell  -n 4 
-f Run_Triffid1 
-i IndexFolder/TAIR_ch_all.fa.shore 
-z 
shore merge  -m Run_Triffid1 
-o AlignmentFolder_Triffid1 
shore consensus   -n Triffid1 
-f IndexFolder/TAIR_ch_all.fa.shore 
-o AnalysisFolder_Triffid1 
-i AlignmentFolder_Triffid1/map.list 
-v 
-r 
Program Parameters 
SHOREmap_interval  --consensus=consensus_summary.txt 
--marker=ler.marker_pos.txt 
--chrsizes=At.chrsizes.txt 
--referrors=At.ref.errors.txt 
--agg=afreq 
--parent1=Col-0  
--parent2=Ler  
--min=100 
SHOREmap_annotate  --snp=homozygous_snps.txt 
--dist=SHOREmap_INTERVAL.output.txt 
--chrom=2 
--start=7,000,000 
--end=12,000,000 
--genome=TAIR.v1.fa 
--gff=TAIR.gff 
--referr=At.ref.errors.txt 
 
Supplementary Table 2-2: SHORE and SHOREmap commands. 
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Abstract  
When DNA damage occurs in the S or G2 phases of the cell cycle, WEE1 
phosphorylation inhibits the activity of cyclin-dependent kinases (CDKs), which are 
the key mediators of cell cycle progression. Correspondingly, WEE1 knockout plants 
fail to adapt their S phase progression towards DNA replication inhibitory drugs, 
resulting into an accumulation of DNA damage and loss of cell division competence. 
We report that lack of the Arabidopsis thaliana Ribonuclease H2 (RNase H2), which 
excises single ribonucleotides from DNA-DNA duplexes, can complement the WEE1 
knockout mutants phenotype under replication stress. The RNase H2 deficient 
mutants exhibit an elevated frequency of homologous recombination and replication 
stress even under optimal growth conditions. Since inactivation of RNase H2 leads 
to massive incorporation of RNA into genomic DNA substitution of DNA by RNA in 
RNase H2 deficient mutants might facilitate the fork progression and delimit 
unwound single strand DNA, which is prone to genomic deletions because of 
recombination.  
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1. Introduction 
Numerous exogenous and endogenous factors threaten genome integrity of 
organisms. Coping with these attacks is a matter of the utmost importance, especially 
in plants because of their sessile life style. Environmental and internal stresses, such 
as UV radiation, replication errors and reactive oxygen species (ROS), are the 
resources of DNA damage. DNA damage response (DDR) is activated in response to 
extensive DNA damage and might lead to a cell cycle arrest, activation of DNA repair 
genes, or even cell death. Pausing of the cell cycle due to checkpoint activation 
provides time for cells to repair DNA damage.  
Ataxia Telangiectasia Mutated (ATM) and ATM- and RAD3-related (ATR), two 
conserved related protein kinases, play a central role in the DNA damage response in 
eukaryotes. In general, ATR is triggered by stalled replication forks and also 
recognizes single-stranded DNA (ssDNA), whereas ATM is activated by double 
strand breaks (DSBs) (Garcia et al. 2003, Culligan et al. 2004, Culligan et al. 2006, 
Ricaud et al. 2007, Ciccia and Elledge 2010). Several downstream proteins, including 
WEE1 and CDC25, are phosphorylated in an ATM- and ATR-manner and in this way 
control cell cycle checkpoint activation. Phosphorylation and dephosphorylation of 
cyclin-dependent kinases (CDKs) by WEE1 and CDC25, respectively, leads to 
inhibition and activation of CDKs, respectively. Active CDKs positively control cell 
cycle progression (Harper and Elledge 2007).  
Plants possess a homolog of the WEE1 protein kinase (Sun et al. 1999, Sorrell et al. 
2002, Gonzalez et al. 2004), but no functional homolog of CDC25, inferring the likely 
existence of plant-specific mechanisms for control of the cell cycle and DNA damage 
(Boudolf et al. 2006). Arabidopsis WEE1 is transcriptionally induced in response to 
replication-inhibitory drugs or γ-radiation in an ATR- and ATM-dependent manner, 
respectively. Although, WEE1 knockout mutants of Arabidopsis grow normal under 
standard conditions, they are hypersensitive to the replication stress-inducing drugs 
hydroxyurea and aphidicolin (De Schutter et al. 2007). Moreover, a prolonged S-
phase and a delayed cell cycle progression in WEE1 knockout mutants, caused by 
replication-blocking agents, point to an intra-S-phase checkpoint role for WEE1 in 
response to replication stress (Cools et al. 2011). 
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Investigating the molecular mechanisms by which WEE1 controls the DNA replication 
rate during DNA stress led to the identification of the Ribonuclease H2 (RNAse H2) 
enzyme to be involved in this process. As described in the previous chapter, a 
mutation in subunit A of RNase H2 could complement the WEE1 knockout phenotype 
under replication stress. 
Since ribonucleotide triphosphates (rNTPs) levels are much higher than levels of 
deoxyribonucleotide triphosphates (dNTPs) in vivo (Ferraro et al. 2010, McElhinny et 
al. 2010b), DNA polymerases misincorporate rNTPs into genomic DNA, making rNTP 
the most abundant aberrant nucleotide placed into DNA (McElhinny et al. 2010a). 
Due to their structure, ribonucleotides are more sensitive to strand cleavage and their 
incorporation into genomic DNA leads to genome instability (McElhinny et al. 2010a). 
RNase H2 specifically catalyses the degradation of RNA in DNA-RNA duplexes 
(Stein and Hausen 1969) and is responsible for hydrolyzing ribonucleotides 
misincorporated into genome during replication (Cerritelli and Crouch 2009, Bubeck 
et al. 2011). 
In this chapter, we confirm the association of the wee1 complementing phenotype 
with the inactivity of RNase H2 enzyme. In addition, we demonstrate that Arabidopsis 
RNase H2 consists of three subunits, and deficiency in any of them could 
complement the WEE1 knockout phenotype under replication stress. Plants deficient 
in RNase H2 display a higher level of endogenous DNA damage and enforce more 
homologous recombination (HR) and DNA DSBs even under optimal growth 
conditions. Inactivation of RNase H2 leads to massive incorporation of RNA into 
genomic DNA, resulting in genome instability. 
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2. Results 
2.1. Analysis of T-DNA insertion line 
To study the function of RNase H2 in Arabidopsis, we analyzed an available 
confirmed T-DNA insertion line from the GABI-Kat collection. The RNase H2A 
(RNH2A) coding gene consists of seven exons and six introns. The GABI-139H04 
line (rnase h2a) possesses a T-DNA insertion with the length of approximately 5.8 kb 
at the beginning of the gene, in intron 2 (Figure 3-1A). Reverse transcription 
quantitative polymerase chain reaction (RTq-PCR) analyses showed a significant (p-
value < 0.01) decrease in transcript levels of the RNase H2A gene in the rnase h2a 
line in comparison with wild-type and wee1-1 line (Figure 3-1B). Considering the 
position of the T-DNA insertion, it is unlikely that rnase h2a (rnh2a) mutants produce 
full length transcripts. Thus, further analyses were done using this line.  
 
Figure 3-1: Analysis of RNase H2A deficient plants. A) A T-DNA is inserted at the beginning of the gene, in 
intron 2. B) Transcript level of RNase H2A is significantly (p-value < 0.01) decreased in rnase h2a mutants. 
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2.2. RNase H2A knockout restores root growth and confines the 
cell death phenotype observed in WEE1 knockout plants upon 
replication stress 
To confirm the association of the resistant phenotype to HU with inactive RNase H2, 
its knockout T-DNA insertion line was crossed into the WEE1 knockout line. The F1 
population of this cross was allowed to self-fertilize and the F2 plants were 
genotyped for RNase H2A and WEE1. The F3 generation of rnh2a/wee1 double 
mutants were grown in the presence and absence of a replication-inhibitory drug and 
showed a clear HU resistant phenotype in comparison with WEE1 knockout plants 
(Figure 3-2A), confirming that the complementing phenotype is caused by an 
ineffective RNase H2A protein. For further confirmation, PI stained root tips of the 
four different lines were monitored for vascular cell death using confocal microscopy. 
As expected, rnh2a/wee1 double mutant roots were partially rescued from vascular 
cell death in comparison with WEE1 knockout roots under replication stress 
conditions (Figure 3-2B). rnase h2a mutants display the wild-type phenotype. 
 
Figure 3-2: Complementing phenotype of rnh2a/wee1. A) Root growth of wild-type, rnh2a, wee1-1 and 
rnh2a/wee1-1 mutants 14 days after germination on 0.75mM HU. B) PI staining of wild-type, rnh2a, wee1-1 and 
rnh2a/wee1-1 mutants transferred for 24 h to 1mM HU. 
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2.3. RNase H2 of Arabidopsis is an aggregate of three subunits 
To identify interactors of subunit A of RNase H2, a tandem affinity purification (TAP) 
experiment was performed on Arabidopsis cell culture using RNase H2A as bait in 
the presence and absence of HU. Among the identified interactors under both 
conditions, we recognized AT4G20325 that contains a conserved domain of the 
subunit B of RNase H2, and AT2G39440 that corresponds to a ribonuclease H2 
subunit C domain-containing protein (Table 3-1A and Table 3-2A). In reverse TAP 
experiments, subunits B and C of the RNase H2 were used as baits. RNase H2A 
and C were picked up as interactors of RNase H2B and RNase H2A and B as 
interactors of RNase H2C (Table 3-1A and Table 3-2A). These results indicate that 
RNase H2 of Arabidopsis is a complex of three subunits.  
 
Table 3-1: TAP derived protein interactors of A) Ribonuclease H2 subunit A, B) Ribonuclease H2 subunit 
B and C) Ribonuclease H2 subunit C under normal condition. All proteins were detected in two independent 
TAP experiments. Peptide Count: The number of peptides with unique sequences matching the selected 
protein. Protein Score: Mascot score derived from the peptide mass fingerprint, combined with tandem mass 
spectrometry data.  
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Moreover, the large subunit of ribonucleotide reductase 1 (RNR1) was identified in 
the TAP experiments done in the presence of hydroxyurea, whereas thymidine 
kinase interacted with RNase H2A and RNase H2C in the HU-treated experiments 
(Table 3-2).  
 
Table 3-2: derived protein interactors of A) Ribonuclease H2 subunit A, B) Ribonuclease H2 subunit B 
and C) Ribonuclease H2 subunit C under replication stress. All proteins were detected in two independent 
TAP experiments. Peptide Count: The number of peptides with unique sequences matching the selected 
protein. Protein Score: Mascot score derived from the peptide mass fingerprint, combined with tandem mass 
spectrometry data.  
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To further investigate whether the interaction between different subunits of RNase 
H2 is direct, a yeast two-hybrid (Y2H) interaction screen was performed, testing all 
possible interactions between the different subunits. Direct interaction of bait and 
prey resulted in induction of HIS3 reporter gene, allowing cell growth on plates 
lacking histidine. RNase H2B showed self-activation when used as a bait and thus 
could only be used as prey. RNase H2A and RNase H2C could be used as both bait 
and prey. Y2H screen showed a direct interaction between subunits B and C but not 
between any other subunits (Figure 3-3). 
 
Figure 3-3: Yeast two-hybrid interactions between different subunits of RNase H2. Subunits B and C of 
RNase H2 display direct interaction. The GUS protein was used as a negative control. 
 
2.4. RNH2B and RNH2C deficient plants complement the wee1 
mutation phenotype under replication stress 
To check whether plants defective in RNase H2 subunit B and C could also revert 
the wee1 mutant phenotype, knockout lines of these genes were identified and 
ordered from different T-DNA insertion collections. rnh2b and rnh2c mutants harbor 
a T-DNA insertion in intron 1 and in the 5’-UTR, respectively (Figure 3-4A). 
Homozygous T-DNA insertion lines were crossed into the WEE1 knockout line and 
F1 plants were allowed to self-fertilize to obtain the F2 generation. rnh2b/wee1-1 and 
rnh2c/wee1-1 seeds together with wee1-1 and wild-type seeds were germinated in 
the presence of the replication-perturbing drug hydroxyurea. As anticipated, a week 
after germination both rnh2b/wee1-1 and rnh2c/wee1-1 seedlings could partially 
complement the WEE1 knockout phenotype of the root on HU (Figure 3-4B). 
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Figure 3-4: Root growth of wild-type, wee1-1, rnhb/wee1-1 and rnhc/wee1-1 mutants 14 days after 
germination on 0.75mM HU. 
 
2.5. Absence of RNaseH2A limits premature cell differentiation 
observed in WEE1 knockout plants upon replication stress 
In Arabidopsis root tips, a group of organizer cells called the quiescent center cells 
which are surrounded by stem cells, form stem cell niche. Stem cells generate cells 
that divide many times before entering the elongation-differentiation zone. In this 
step, cells exit the cell cycle and differentiate to maturity. The rate of cell division and 
elongation-differentiation determines the root meristem size and the rate of root 
growth (Scheres 2007). The root meristem size of different genotypes was measured 
by counting meristematic cortex cells from the quiescent center to the first elongated 
cortex cell (Figure 3-5A). The root meristem size of wild-type, wee1, rnh2a and 
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rnh2a/wee1 mutants were statistically equal under control conditions (Figure 3-5B). 
However, under DNA stress condition, the number of meristematic cortex cells was 
significantly (p-value < 0.01) decreased in WEE1 knockout compared to wild-type 
two week-old seedlings (14±3 versus 29±3 cells respectively) (Figure 3-5B). 
Whereas the root meristem size in RNaseH2A knockout plants, 14 days after 
germination on HU, was not different than that of wild-type, RNaseH2A/WEE1 
double knockout seedlings had significantly (p-value < 0.01) more meristematic 
cortex cells in comparison with the WEE1 knockouts (25±4 versus 14±3 cells 
respectively) (Figure 3-5B).  
 
Figure 3-5: Root meristem size of wild-type, rnh2a, wee1-1 and rnh2a/wee1-1 one week after germination 
on 0.75mM HU. A) Representative confocal microscopy images of root meristems stained with PI. Stem cell 
niche in blue, proximal meristem in yellow, transition zone marked with white arrow and elongation-differentiation 
zone in green. B) Number of meristematic cortex cells. Data represent mean ± SD (n > 10) (P value < 0.01). 
A 
 
 
 
 
 
 
 
B 
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2.6. Transcriptome analysis by RNA sequencing 
2.6.1. RNA sequencing data analysis 
To better understand the function of the RNase H2 gene with regard to the regulation 
of DNA damage checkpoint and repair pathways, transcriptome analyses were 
conducted using RNA sequencing (RNA-Seq). In this study, we have compared 
transcriptome profiles of WEE1 knockout and WEE1/RNase H2A double knockout 
root meristems in the presence and absence of hydroxyurea with three biological 
repeats and two technical replicates (cDNA samples were sequenced on two lines of 
Illumina flow cells). A total of twelve samples generated 234 million reads of 50-mer 
equal to 11 billion bases. Supplementary Table 3-1 provides details of each sample, 
including number of bases, number of reads, read length and GC content. For each 
sample the average base quality per position in read and the distributions of the 
average read quality is shown in Figure 3-6. Phred quality score (Q score) indicates 
the probability that a given base is called incorrectly by the sequence. When 
sequencing quality reaches Q30, virtually all of the reads will be perfect (Ewing and 
Green 1998). Samples with consistently good quality reads have unimodal, strong 
peaks near the right of the panel. 96.5% and 87.6% of our reads had a quality of 
more than 30 and 20, respectively (Figure 3-6). After filtering and trimming, a total of 
221 million reads of 50-mer were uniquely mapped against Arabidopsis genome.  
 
Figure 3-6: Quality of the reads (Phred quality score) for all samples. A) Average base quality per position in 
read. B) Distributions of the average read quality. 
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2.6.2. Loss of the RNase H2 and the WEE1 activates RNase H2A 
promoter 
Surprisingly, one of the genes upregulated in rnh2a/wee1-1 background is RNase 
H2A itself. Distribution of the reads shows an increase in transcription throughout the 
mRNA transcript (Figure 3-7). Since a T-DNA is inserted into this gene and has 
disrupted the reading frame, upregulation of the gene does not confer an increase in 
the number of active proteins. This is probably due to overactivation of the RNase 
H2A promoter. To check the level of RNAse H2A transcript in different lines, RT-
qPCR was performed using root tips of wild-type, rnh2a, wee1-1 and rnh2a/wee1-1 
plants grown in the presence and absence of hydroxyurea. Unlike rnh2a/wee1-1, 
RNase H2A single knockout did not show any significant enhancement in the 
transcript levels in comparison with wild-type (Figure 3-8), indicating that loss of 
RNase H2 activity together with lack of active WEE1 kinase activates the RNase 
H2A promoter.  
 
Figure 3-7: Schematic illustration of transcript levels of RNase H2A in wee1-1 and rnh2a/wee1-1 mutants 
in the presence and absence of HU.   
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Figure 3-8: Relative RNase H2A expression levels of wild-type, rnh2a, wee1-1 and rnh2a/wee1-1 obtained 
from RT-qPCR analysis. Data represent mean ± SD (n = 3) (P value < 0.05). 
 
2.6.3. Differentially expressed genes 
Statistical analyses revealed lists of numerous differentially expressed (DE) genes 
(Table 3-3).  
Table 3-3: Number of differentially expressed genes in different conditions. 
 
Differentially expressed genes in rnh2a/wee1-HU versus wee1 under normal 
conditions and in rnh2a/wee1+HU versus wee1 under replication stress are listed in 
Table 3-4 and Table 3-5 respectively. 
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Table 3-4: Differentially expressed genes in rnh2a/wee1 mutants in comparison to wee1 mutants under 
normal condition. FDR: False Discovery Rate.  
 
 
Role of the Arabidopsis Ribonuclease H2 in Genome Integrity 
 
109 
 
. 
 
Table 3-5: Differentially expressed genes in rnh2a/wee1 mutants in comparison to wee1 mutants under 
replication stress (24 h on 1mM HU). FDR: False Discovery Rate 
 
Gene Ontology (GO) annotation using TAIR (Berardini et al. 2004) for differentially 
expressed genes between rnh2a/wee1 and wee1 mutants, under normal conditions, 
displays 21.03% and 15.89% of the annotations known for response to stress and 
response to abiotic or biotic stimulus, respectively (Figure 3-9). High percentage of 
stress related annotations indicates that plants defective in RNase H2 likely have 
increased levels of stress in vivo, even in the absence of exogenous stress. 
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Figure 3-9: Gene ontology categorization by biological process. Annotation of differentially expressed genes 
between rnh2a/wee1 and wee1 mutants, under normal conditions. 
 
Similarly, GO annotation for differentially expressed genes between rnh2a/wee1 and 
wee1 mutants under replication stress results in 5.17% and 5.17% of the annotations 
for response to stress and response to abiotic or biotic stimulus, respectively (Figure 
3-10). 
  
 
Figure 3-10: Gene ontology categorization by biological process. Annotation of differentially expressed 
genes between rnh2a/wee1 and wee1 mutants, under replication stress. 
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Co-expression analysis using ATTED-II (Obayashi et al. 2009) revealed that PARP2, 
TRFL10, zinc finger (C3HC4-type RING finger), NAC103 and Ubiquitin-conjugating 
enzyme genes which were up-regulated in rnh2a/wee1 in comparison with wee1 
belong to a network of co-expressed genes involved in HR, nucleotide excision 
repair, DNA replication and pyrimidine and purine metabolism (Figure  3-11).  
2.7. Loss of RNase H2 increases homologous recombination in 
Arabidopsis 
It has been shown that lack of RNase H2 activity in S. cerevisiae increases 
recombination frequency (Ii et al. 2011). Furthermore, RNase H overexpression in E. 
coli decreases DNA rearrangement and recombination (Gan et al. 2011). Results of 
these studies together with our co-expression analyses strengthen the possibility of 
the involvement of Arabidopsis RNase H2 in recombination pathways. 
To investigate the role of RNase H2 in HR, two recombination substrates, 651 
(Swoboda et al. 1994) and IC9C (Molinier et al. 2004), were introduced to 
rnh2a/wee1, rnh2a, wee1-1 and wild-type by crossing. These recombination 
substrates contain an inactive β- glucuronidase (GUS) gene whose activity can be 
restored by intra- and interchromosomal recombination in the 651 line (Figure 
3-12A), whereas in IC9C, function of the reporter gene is amended by 
interchromosomal recombination (Figure 3-12B). After histochemical staining of the 
plant with X-Gluc, each blue sector indicates one recombination event (Figure 
3-12C). 
 
 
Figure 3-12: Schematic representation of the HR mechanism in the recombination substrates. A) 
Intramolecular recombination. B) Intermolecular recombination. C) Recombination events are visualized by blue 
sectors. 
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rnh2a/wee1-1, rnh2a, wee1-1 and wild-type plants holding the recombination 
substrates were grown with and without hydroxyurea and the HR frequencies were 
determined by counting the number of blue sectors after GUS staining. HR 
frequencies of rnase h2a and rnase h2a/wee1-1 were significantly increased (p-
value < 0.01) in comparison with wild-type and wee1-1 in both recombination 
reporter lines (2- to 4-fold in 651 line and 2- to 6-fold in IC9C line) (Figure 3-13), 
indicating that loss of RNase H2 gene enhances the HR in Arabidopsis. Adding 
hydroxyurea to the medium promoted the HR frequency, however, did not alter the 
overall trend among the lines (Figure 3-13), demonstrating independency of 
increased HR levels in RNase H2A knockout from HU treatment. 
 
Figure 3-13: Recombination frequencies of untreated and HU-treated wild-type, rnh2a, rnh2a/wee1 and 
wee1-1 mutants.  A) 651 background. B) IC9C background. Data represents mean ±SD (n=4) (p-value < 0.01). 
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2.8. Increasing the homologous recombination level in wee1-1 
using DNA-damaging drugs phenocopies the HU resistant 
phenotype of rnh2a/wee1-1 
Certain DNA-damaging agents block replication by inducing crosslinks. Mitomycin C 
(MMC) enhances the level of intra-chromosomal recombination (Lebel et al. 1993, 
Chen et al. 2008), whereas cis-platin increases inter-chromosomal recombination 
(Eastman 1985, Schuermann et al. 2009). To investigate whether enhanced 
recombination levels could rescue the WEE1 knockout plants under HU treatment, 
wild-type, rnh2a, rnh2a/wee1-1 and wee1-1 plants were grown in the presence of HU 
and either MMC or cis-platin (Figure 3-14A). Interestingly, wee1-1 and rnh2a/wee1-1 
seedlings had significantly (p-value < 0.01) longer roots in media containing HU and 
MMC or cis-platin than HU alone, whereas neither MMC nor cis-platin could solely 
improve root growth. However, this was not observed in rnh2a alone or in the wild-
type background (Figure 3-14B). Thus, it is likely that elevated recombination levels 
in the wee1-1 background could assist in rescuing the phenotype on HU. 
2.9. Crossing of rnaseh2a line with impaired recombination lines 
RAD51 recombinase plays a major role in HR. In Arabidopsis, loss of the RAD51 
gene or one of its paralogs (RAD51B, RAD51C and XRCC2) causes hypersensitivity 
to the DNA cross-linking drug MMC, indicating the involvement of these genes in HR 
(Bleuyard et al. 2005b). To further study the role of recombination in rescuing the 
wee1-1 phenotype on HU, the impaired recombination lines (RAD51B, RAD51C and 
XRCC2 mutants) were crossed into rnh2a/wee1-1 mutant to obtain F1 seeds. F1 
plants were allowed to self-fertilize and F2 plants were genotyped for all possible 
double and triple knockouts. Surprisingly, the xrcc2/wee1-1 line showed a stronger 
phenotype than that of wee1-1 on HU. Furthermore, xrcc2/wee1-1/rnh2a seedlings 
had longer roots than wee1-1/rnh2a seedlings two weeks after germinating on HU 
(Figure 3-15). No significant difference was observed between rad51b/wee1-1 or 
rad51c/wee1-1 and wee1-1. We were not able to isolate triple knockouts of 
rad51b/wee1-1/rnh2a and rad51c/wee1-1/rnh2a. Genotyping of 30 plants from the 
offspring of rad51b+/-/wee1-1-/-/rnh2a-/- did not result in finding of any triple knockout. 
Thus, this triple knockout is probably lethal.  
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Figure 3-14: Phenotypic analysis of wild-type, wee1-1, rnh2a and rnh2a/wee1-1 mutants germinated on 
control medium, 0.75mM HU, 1µg/ml MMC, 1µg/ml MMC + 0.75mM HU, 5µM cisplatin and 5µM cisplatin + 
0.75mM HU. A) Plants phenotype. B) Root growth measurements 14 days after germination. Data represents 
mean ± SD (n > 20)  
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Figure 3-15: Phenotypic analysis of wild-type, xrcc2, rnh2a, wee1-1, xrcc2/wee1-1, xrcc2/rnh2a, 
rnh2a/wee1-1 and xrcc2/wee1-1/rnh2a mutants germinated on 0.75mM HU. A) Plants phenotype. B) Root 
growth measurements 15 days after germination. Data represents mean ± SD (n > 5)  
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2.10. RECQ4A helicase knockout is not capable of reverting the 
WEE1 knockout phenotype under replication stress 
RECQ helicases play a role in genome maintenance by mediating HR. Arabidopsis 
recq4a mutants are hypersensitive to DNA damaging agents MMS and cis-platin, 
which induces intrastrand cross-links, but resistant to MMC, an interstrand cross-link 
inducer, and bleomycin, a DSB-causing drug. Moreover, these mutants display 
increased levels of HR (Hartung et al. 2007). To investigate whether enhanced levels 
of HR could complement the WEE1 knockout phenotype under replication stress, the 
recq4a mutation (T-DNA insertion line) was introgressed in the wee1-1 mutant 
background by crossing. recq4a/wee1-1 mutants grow normally under standard 
growth conditions (Figure 3-16A). Deprivation of RECQ4A helicase could not 
ameliorate the WEE1 knockout phenotype upon HU treatment (Figure 3-16B). 
 
Figure 3-16: Growth phenotype of wild-type, wee1-1 and recq4a/wee1-1 mutants 2 weeks after 
germination A) on standard condition, B) on 0.75 mM HU. 
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2.11. RNase H2 knockout plants suffer from replication stress 
γ-H2AX foci is a phosphorylated form of histone variant H2AX and accumulates in 
response to DSBs in the replicated nuclei. Detection of this phosphorylation event 
using antibodies to γ -H2AX is a sensitive molecular marker for monitoring DNA DSB 
damage and its repair (Kinner et al. 2008).  
To detect possible DSBs in RNase H2 defective background, we performed in situ 
immunostaining experiments in wild-type, wee1-1, rnh2a, and rnh2a/wee1-1 
Arabidopsis root tip nuclei, treated or untreated with hydroxyurea, using γ-H2AX 
antibodies. As expected, no γ-H2AX foci were detected in root tip mitotic nuclei of 
untreated wild-type and wee1-1 mutants, while in HU-treated wild-type and wee1-1 
mutants, mitotic nuclei display γ-H2AX foci (Figure 3-17A and B). The number of γ-
H2AX foci per nucleus was significantly higher in the WEE1 knockout background 
(Figure 3-17A), indicating the presence of DSBs upon replication stress in mutants 
defective in the WEE1 gene. Surprisingly, rnh2a and rnh2a/wee1-1 mutants showed 
a much higher number of small γ-H2AX foci regardless of being HU-treated or 
untreated (Figure 3-17B). Thus, plants lacking the RNase H2 accumulate 
chromosomal instability associated with DSBs that can be visualized as γ-H2AX foci.  
As the spontaneous DSBs could be the result of replication stress, we tested the 
presence of γ-H2AX foci in replicating nuclei. To do this, root tips of rnh2 mutants 
were incubated with ethynyl deoxyuridine (EdU), which is a thymidine analog that 
can be incorporated into genomic DNA during replication, enabling detection of the 
S- or early G2-phase nuclei. Investigating enrichment of γ-H2AX foci in the rnh2a 
mutants show that 53 percent of the total nuclei contain a high number of γ-H2AX 
foci, while 86 percent of S-phase nuclei (EdU stained) contain a high number of γ-
H2AX foci, suggesting that RNase H2 knockouts suffer from replication stress. 
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Figure 3-17: H2AX phosphorylation in wild-type, wee1-1 and rnh2a mutants. A) Average number of γ-H2AX 
foci per nucleus of wild-type and WEE1 knockout mutants (untreated or treated with HU). Data represents mean 
±SD B) Detection of γ-H2AX immunofluorescence in mitotic root tip nuclei of wild-type, wee1-1 and rnh2a 
mutants (untreated or treated with HU).  C) γ-H2AX immunofluorescence in S- or early G2-phase nuclei of rnh2a 
mutants (EdU labeled).   
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2.12. MUS81 endonuclease rescues rnase h2 mutants  
It has been shown that a lack of MUS81 endonuclease, which resolves holliday 
junctions during HR, decreases the levels of recombination in Arabidopsis (Mannuss 
et al. 2010). Therefore, it was interesting to test whether this protein plays a role in 
the elevated HR levels observed in RNase H2 knockout backgrounds. To check this, 
mus81 mutants were crossed into the rnh2a/wee1-1 mutant to obtain F1 seeds. F1 
plants were allowed to self-fertilize and F2 plants were genotyped for MUS81, 
RNase H2A and WEE1 and were checked for any root growth phenotype upon 
germination on hydroxyurea. While rnh2a mutants grow normally under replication 
stress, mus81/rnaseh2 mutants are hypersensitive to HU (Figure 3-18A). Whereas 
MUS81 knockouts are sensitive to HU, mus81/wee1-1 mutants are not 
distinguishable from wee1-1 mutants (Figure 3-18A). Although mus81/rnh2a mutants 
are fertile, they suffer from severe growth defects even under standard growth 
condition (Figure 3-18B). We were unable to isolate a mus81/rnh2a/wee1-1 mutant. 
 
 
Figure 3-18: A) Root phenotype of wild-type, rnh2a, mus81, wee1-1, mus81/rnh2a, mus81/wee1-1 and             
rnh2a/wee1-1 2 weeks after germinating on 0.75mM HU. B) Wild-type and mus81/rnh2a mutant phenotype under 
standard condition. 
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2.13. RNase H2 deficient plants incorporate RNA into their genomic 
DNA 
Yeast and mouse cells defective in RNase H2A gene are full of unrepaired 
ribonucleotides in their nuclear genomes that can be detected as alkali-sensitive 
sites (McElhinny et al. 2010a, Miyabe et al. 2011, Reijns et al. 2012). Because 
ribonucleotides possess a reactive 2’OH on the sugar part, incorporation of rNTPs 
into genomic DNA makes the DNA backbone more susceptible to strand cleavage in 
alkali (Figure 3-19A). Ribonucleotides can be detected by incubating genomic DNA 
in KOH and then monitoring the resulting fragments by alkaline agarose gel 
electrophoresis (Figure 3-19B) (McElhinny et al. 2010a). 
 
 
Figure 3-19: Mechanism of alkali cleavage of ribonucleotides. A) In alkaline conditions, the 2’OH of a 
ribonucleotide cleaves the DNA strand via nucleophilic attack on the phosphate backbone. B) Incubating of the 
RNA-contained DNA in alkali fragmentize the DNA which is detectable on alkaline agarose gels. 
 
Using this approach, we analyzed the level of rNTP incorporation in the genomic 
DNA of wild-type, rnh2a and rnh2a/wee1-1 mutants under normal condition or 
replication stress. The genomic DNA samples isolated from rnh2a and rnh2a/wee1-1 
mutants were more sensitive to alkaline hydrolysis than DNA samples isolated from 
wild-type in the absence or presence of hydroxyurea treatment (Figure 3-20), 
indicating incorporation of rNTPs in their genomic DNA.  Moreover, rnh2a and 
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rnh2a/wee1-1 mutants incorporated more RNA in their genome when treated with 
hydroxyurea (Figure 3-20). 
  
Figure 3-20: rNTPs incorporated in genomic DNA. Genomic DNA of wild-type, rnh2a and rnh2a/wee1-1 
mutants grown under normal condition or replication stress (0.75 mM HU) subjected to alkaline hydrolysis. 
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2.14. Mutator effect of unrepaired ribonucleotides in genomic DNA  
In budding yeast, the introduction of an rNMP-permissive form of DNA polymerase 
into a strain lacking RNase H2 causes accumulation of 2- to 5-base pair deletions 
within short tandem repeats, which is dependent on topoisomerase 1 (TOP1) activity 
(McElhinny et al. 2010a, Kim et al. 2011, Williams et al. 2013). In general, TOP1 
mediates removing of replication and transcription-associated supercoils (Wang 
2002). In addition to this function, TOP1 can act as an endonuclease if an rNMP is 
present at the cleavage site (Sekiguchi and Shuman 1997). In this reaction, the 2′-
OH of the ribose attacks the 3′-phosphotyrosyl linkage between the enzyme and 
ribonucleotide, releasing TOP1 and leaving a 2′,3′-cyclic phosphate end. The TOP1-
generated ends are processed into a gap. The importance of the tandem repeat is 
that it can stabilize misalignment between complementary DNA strands, thereby 
bringing the ends flanking the gap together and facilitating their ligation. Moreover, 
lack of the RNase H2 in yeast elevates the level of 1 base pair insertions/deletions. 
However, these kinds of mutations are not TOP1-dependent (Kim et al. 2011). 
Therefore, it was interesting to check whether lack of the RNase H2 in Arabidopsis 
could lead to genome instability over generations. To test this, we have grown wild-
type, wee1-1, rnh2a and rnha2a/wee1-1 plants for 3 generations under normal or 
replication stress conditions hydroponically. Genomic DNA of third generation plants 
was used for whole genome sequencing to find possible base pair changes and 
small deletions. The reads were aligned to the Arabidopsis reference genome. 
Consistent differences between the overlapping read alignments revealed novel 
mutations within the genome (Arabidopsis Genome 2000, Ossowski et al. 2008, 
Schneeberger et al. 2009). Differences between the short reads and the reference 
sequence that occurred in more than one sample were addressed as artifacts or 
variation that was present within the founder lines already. Number of unique 
mutations are listed in Table 3-6. Details of the changes are listed in Table  3-7 and 
Table 3-8.  
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Table 3-6: Number of unique mutations in Col-0, wee1, rnh2a and rnh2a/wee1 individual plants untreated 
(-HU) or treated with HU (+HU). 
 
The number of base substitutions were not different among the lines or treatments. 
Remarkably, rnh2a and rnh2a/wee1 mutants grown under normal conditions 
displayed 6 and 5 single base pair deletions respectively, whereas single-bp 
mutations were found neither in wild-type nor in wee1 mutant plants, resulting in a 
single base pair deletion rate of about 20X10-9 per site per generation for rnh2a 
mutant versus no single-bp deletion for wild-type under normal conditions. 
Considering that the rate of spontaneous 1- to 3-bp deletions per site per generation 
is about 0.6X10-9 (Ossowski et al. 2010), lack of RNase H2 appears to cause an 
induced mutation rate. Moreover, rnh2a and rnh2a/wee1 mutants under replication 
stress contained 2 single base pair mutations each, whereas wild-type and wee1 
mutant plants harbored 1 and 0 single base pair deletions respectively.  
Most of the small deletions are TA or AT deletions found within TA-repeat regions. 
Since ATs are known to be variable and easily missed with short reads, they might 
be sequencing errors (Table 3-8). However, the rnh2a samples possess 4 
homozygous small deletions that are not TA and do not lie in TA-repeat regions 
(Table 3-8). In general, the small deletions appear to occur HU independent. In 
conclusion, lack of RNase H2 appears to cause small deletions (1 to 3bp) in the 
Arabidopsis genome (Table 3-6).  
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Table 3-7: N
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Table 3-8: Number of small deletions (2-3 bp) in the genome of wild-type, rnh2a, wee1 and rnh2a/wee1 
plants after 3 generation growing under normal (-HU) or replication stress (+HU) conditions. All the TA, 
AT, TT and AA deletions are within TA-repeat regions. Small deletions in the grey box are not located in TA-
repeat regions. Quality: Highest base quality supporting the base change, Frequency: Ratio of reads supporting a 
predicted feature.  
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3. Discussion 
 Faithful copying of genetic material during replication is an important matter for 
viability and faultless transmission of genetic information to the next generation. 
Because of numerous endogenous and exogenous threats, DNA synthesis and the 
cell cycle require surveillance by several checkpoints and DNA repair pathways. 
Arabidopsis WEE1 is transcriptionally induced in response to replication-inhibitory 
drugs and the WEE1 knockout mutants are hypersensitive to the replication stress-
inducing drugs hydroxyurea and aphidicolin (De Schutter et al. 2007). Moreover, 
WEE1 prevents premature vascular cell differentiation upon replication stress (Cools 
et al. 2011). Here we showed that deficiency in the Ribonuclease H2 protein reverts 
the hypersensitivity of the WEE1 knockout mutants to replication stress and delimits 
the cell death phenotype, which is normally caused by premature vascular cell 
differentiation observed in the WEE1 defective mutants upon replication stress. 
The tandem affinity purification (TAP) experiment revealed that the RNase H2 
complex of Arabidopsis comprises three subunits, which are homologs to those of 
mammalian and yeast, inferring their importance role during evolution.  An intriguing 
observation in the TAP experiment is the presence of thymidine kinase and the large 
subunit of ribonucleotide reductase 1 (RNR1) in all the experiments in the presence 
of HU. Thymidine kinase supplies an important precursor, deoxythymidine 
monophosphate, for nucleic acid synthesis (Wintersberger 1997). RNR, on the other 
hand, catalyzes the formation of deoxyribonucleotides from ribonucleotides. Its 
subunits are cell cycle regulated and induced by DNA damage (Elledge et al. 1992, 
Elledge et al. 1993). As HU limits the available sources of dNTPs for DNA synthesis, 
it is likely that the association of thymidine kinase and RNR with the RNAse H2 
complex represents a mechanisms allowing rapid conversion of rNTPs into dNTPs 
under dNTP low conditions.  
The WEE1 deficient plants display a smaller root meristem size upon replication 
stress, which is due to a significantly lower number of dividing cells, leading to the 
short root phenotype upon germination on HU. A prolonged S-phase and a delayed 
mitotic progression in the WEE1 knockout mutants, caused by replication-blocking 
agents (Cools et al. 2011), might be the cause of producing less meristematic cells. 
Absence of RNase H2A partially revert the short root phenotype by augmenting the 
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number of meristematic cells, leading to increased meristem size. These data 
indicate that mutation of the RNase H2A gene is able to restore the normal 
replication rate of the WEE1 knockout despite the presence of HU.  
Gene Ontology (GO) annotation of differentially expressed genes between 
rnh2a/wee1 and wee1 mutants, under normal conditions, revealed that absence of 
RNase H2A results into an aleration of the expression level of several stress-related 
genes, indicating that plants defective in RNase H2 likely have increased level of 
stress in vivo, even in the absence of exogenous stress. Reduction in the number of 
differentially expressed genes and also the percentage of stress related annotation 
under replication stress versus normal conditions might be due to the fact that 
adding HU to the medium formerly increased the transcription levels of stress-
induced genes to some extend that their enhancement due to deficiency in RNase 
H2 is not distinguishable anymore. One of the genes, which is upregulated more 
than four fold in the absence of the RNase H2A gene, is annotated as a zinc finger 
(C3HC4-type RING finger) family protein (AT5G60250). Zinc finger proteins have a 
pivotal role in regulating growth and development by DNA/RNA binding, protein–
protein interactions, transcriptional activation, and regulation of apoptosis (Leon and 
Roth 2000). This zinc finger protein (AT5G60250) is strongly induced after γ-
Irradiation, HU treatment and in response to oxidative damage in wild type and atr 
mutant but not in atm mutant (Culligan et al. 2006), indicating its dependency on 
ATM. It is also slightly induced in the xpf mutants, which are defective in Nucleotide 
Excision Repair (NER), suggesting that lack of RNase H2 could cause endogenous 
damages which are normally eliminated by NER. This is consistent with the 
observation that upregulated genes in the rnh2a background belong to a network of 
co-expressed genes involved in nucleotide excision repair, indicative for DNA 
damage in the RNase H2 knockout lines. Furthermore, upregulation of the PARP2 
gene, which is activated by DNA damage, is also an indication of increased DNA 
damage levels in the RNase H2 knockout background. These results are consistent 
with recent studies in human, mouse and yeast cells, where lack of RNase H2 
causes incorporation of ribonucleotides into DNA, which eventually leads to genome 
instability (McElhinny et al. 2010a, Hiller et al. 2012, Lazzaro et al. 2012, Reijns et al. 
2012). 
Role of the Arabidopsis Ribonuclease H2 in Genome Integrity 
 
129 
 
A group of the upregulated genes in the rnh2a background are co-expressed with 
genes involved in HR. Furthermore, plants with an rnh2a background display higher 
levels of HR even under normal growth condition. These results are consistent with 
the observations in yeast and bacteria where lack of RNase H2 activity in S. 
cerevisiae increases recombination frequency (Ii et al. 2011) and RNase H 
overexpression in E. coli decreases DNA rearrangement and recombination (Gan et 
al. 2011). Furthermore, pharmacological increasing of the HR levels in the WEE1 
knockout mutants phenocopies the rnh2a/wee1-1 mutants under HU treatment. 
Therefore, higher levels of HR could be considered as the cause for rescuing the 
wee1 mutant phenotype under replication stress. 
On the contrary, disruption of XRCC2 gene, which is reported to impair HR in 
Arabidopsis (Bleuyard et al. 2005b), did not restore the hypersensitivity to 
rnh2a/wee1-1 plants when grown on HU. Moreover, the rnh2a/wee1-1/xrcc2 plants 
display a stronger phenotype than that of rnh2a/wee1-1 under replication stress. 
Considering these results, it is unlikely that the contribution of HR would be the main 
cause for the rescue of the WEE1 phenotype under replication stress. However, it 
has been shown that mutation in XRCC2 and RAD51C in mammals skews the 
proportion of HR in favor of long tract gene conversion, in which several kilobases 
are copied from the donor, while in most somatic HR events normally only a short 
tract from the donor DNA molecule is copied (Nagaraju et al. 2006, Nagaraju et al. 
2009). Consequently, the role of HR in our observations cannot be ruled out. HR can 
also generate toxic recombination intermediates when they are not properly 
regulated, for example unrestrained recombination causes undesired 
rearrangements such as translocation, deletion and inversion (Heyer et al. 2010). 
Therefore, it is tempting to speculate that amelioration of the wee1 and rnh2a/wee1 
phenotype in the absence of XRCC2 might be due to a decrease in the level of toxic 
genome rearrangements.  
It has been shown that MUS81 endonuclease assists in HR by resolving holliday 
junctions and is responsible for processing of recombination-induced aberrant 
intermediates during replication in plants (Mannuss et al. 2010). Therefore, the 
severe growth phenotype of the rnh2a/mus81 mutant might just reflect its inability to 
resolve the improper recombination intermediates as rnh2a mutants display high 
levels of HR which might be toxic in the absence of MUS81.  
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We have shown that absence of RNase H2 results in misincorporation of rNMPs into 
genomic DNA. In addition, bacterial polymerases involved in NHEJ repair prefer to 
use monoribonucleotides to seal DSBs (Zhu and Shuman 2008). It has been 
suggested that rNTPs are incorporated into genomic DNA during NHEJ repair of 
DSBs, in the G1 phase of the cell cycle, when dNTP levels are especially low 
(McElhinny and Ramsden 2003), which theoretically makes it possible that rNTP 
might be used instead of dNTPs in other repair pathway as well (McElhinny et al. 
2010b). Since Arabidopsis WEE1 knockout mutants are not capable of adapting their 
replication rate to the availability of dNTPs upon HU treatment, substitution of dNTPs 
by rNMPs in RNase H2 deficient mutants might facilitate the fork progression, 
limiting unwound ssDNA, which is prone to genomic deletions because of 
recombination. The strong phenotype of the xrcc2/rnh2a/wee1 mutants could also be 
explained in this way. The disadvantage of tolerating RNA during DNA replication 
over generations is the introduction of small (1-3bp) deletions, which probably will 
lead to growth defects after some generations.  
 
Figure 3-21: Schematic representation of role of RNase H2 in WEE1 knockout rescue upon replication 
stress.   
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4. Materials and Methods 
4.1. Plant materials and growth conditions 
Arabidopsis thaliana plants were grown in vitro vertically under long-day conditions 
(16 h light/8 h darkness) at 21°C on half-strength Murashige and Skoog (2.151 g/L) 
(Duchefa), 10 g/L sucrose, and 0.5 g/L MES, pH 5.7, adjusted with 1 M KOH and 10 
g/L agar. For HU and aphidicolin treatments, plants were grown on HU- or 
aphidicolin-containing media (Sigma-Aldrich). The HU concentration used was 0.75 
mM. MMC and cisplatin were brought to a final concentration of 1g/ml and 5M, 
respectively. The wee1-1, rad51b, rad51c, xrcc2, mus81-1 and recq4a lines have 
been described previously (Bleuyard et al. 2005a, De Schutter et al. 2007, Hartung 
et al. 2007). The rnh2a allele (GABI-139H04) was obtained from the GABI-Kat T-
DNA mutant collection (Li et al. 2003), whereas the rnh2b (SAIL_609_A02) 
and rnh2c (SALK_043851) alleles were found in the Salk Institute T-DNA Express 
database.  
4.2. Tandem Affinity Purification and Analysis 
All steps were as described in (Van Leene et al. 2007), including the Arabidopsis cell 
suspension cultivation, transformation and selection, protein extraction, and 
subsequent TAP. In short, the sequences coding for RNH2A, RNH2B and RNH2C 
were cloned by recombination into the pKNTAP vector, generating Pro-35S:TAP-
RNH2A, Pro-35S:TAP-RNH2B and Pro-35S:TAP-RNH2B cassettes 
(pKNTAPRNH2A, pKNTAPRNH2B and pKNTAPRNH2C). Arabidopsis cell 
suspension cultures were stably transformed by Agrobacterium tumefaciens-
mediated cocultivation with pKNTAPRNH2A, pKNTAPRNH2B and pKNTAPRNH2C. 
Transformed Arabidopsis cells were selected and transferred to a liquid medium for 
upscaling. Expression levels of TAP-tagged proteins were checked by protein 
blotting with an anti-calmodulin-binding protein antibody. In the first round of affinity 
purification, protein extracts of 15 g of plant material were incubated with an IgG 
resin. Bound complexes were released and eluted from the resin by tag cleavage 
with tobacco etch virus protease. In the second affinity step on a calmodulin agarose 
column, coeluting noninteracting proteins and the tobacco etch virus protease were 
removed with the flow through. Finally, the RNH2A, RNH2B and RNH2C baits and 
interacting proteins were eluted from the calmodulin agarose through EGTA-
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mediated calcium removal. Eluted proteins were separated on 4% to 12% NuPAGE 
gels, excised, and analyzed by matrix-assisted laser-desorption ionization time-of-
flight/time-of-flight mass spectrometry as described. To increase the stringency of 
the data set, contaminating proteins due to the experimental background as were 
systematically subtracted from the lists of co-purified proteins. 
4.3. Yeast Two-Hybrid Analysis 
Plasmids encoding the bait (pDEST32) and prey (pDEST22) were transformed into 
the yeast strain PJ69-4α (MATα; trp1-901, leu2-3,112, ura3-52, his3-200, gal4Δ, 
gal80Δ, LYS2::GAL1-HIS3, GAL2-ADE2, met2GAL7-lacZ) and PJ69-4a (MATa; trp1-
901, leu2-3,112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2TGAL1-HIS3, GAL2-ADE2, 
met2TGAL7-lacZ) by the LiAc method (Gietz et al. 1992). Transformed yeast cells 
were selected on synthetic dextrose plates without Leu (pDEST 32) or without Trp 
(pDEST22). Interactions between proteins were assayed by the mating method. All 
pDEST32 yeast cultures were inoculated in 200 μL synthetic dextrose without Trp in 
a 96-well microtiter plate (Falcon; BD Biosciences), whereas one pDEST22 yeast 
culture was inoculated in 50 mL synthetic dextrose medium without Leu. To scale up 
the yeast cultures, 20 μL of each culture grown for 2 d at 30°C was added to a 
microtiter plate containing 125 μL of Glc-containing rich medium (10 g/L bacto-yeast 
extract, 10 g/L bacto-peptone, and 20% dextrose) and again grown for 24 h at 30°C. 
The Glc-containing rich medium was replaced by synthetic dextrose medium without 
Leu and Trp. Diploid strains grown in a 96-well microtiter plate (NUNC) for 2 d at 
30°C were diluted until OD600 = 0.2 and then added to a 96-well microtiter plate 
(Falcon; BD Biosciences) containing either 190 μL synthetic dextrose medium 
without Leu and Trp but with His (as control), or synthetic dextrose medium without 
Leu, Trp, or His.  
4.4. RNA Sequencing 
The WEE1 knockout (wee1-1) and the RNH2A/WEE1 double knockout (rnh2a/wee1-
1) seeds were germinated on control medium on a nylon mesh and transferred 5 d 
after germination to control medium or medium supplemented with 2 mM HU. Each 
sample had three independent biological repeats. 24h after the transfer 200 root tips 
(<2 to 3 mm) were collected and frozen in liquid nitrogen. RNA was extracted from 
root tissue with the RNeasy plant kit (Qiagen). Illumina True-Seq libraries were 
Role of the Arabidopsis Ribonuclease H2 in Genome Integrity 
 
133 
 
generated from cDNA according to the manufacture’s protocol and sequenced on a 
HiSeq2000. Quality of the reads (Phred quality score) was calculated by FASTQC 
from Babraham Bioinformatics. After filtering and trimming using FASTX toolkit (by 
Assaf Gordon at Cold Spring Harbour Laboratory), reads were aligned to the 
Arabidopsis genome (TAIR10) using Genomic Short-read Nucleotide Alignment 
Program (GSNAP)(Wu and Nacu 2010). Tables of counts were produced using the 
Python software htseq-counts. Afterwards, empirical analysis of gene expression 
data was calculated and normalized in R environment using edgeR from 
Bioconductor. Command line programs and parameters used in this part of study are 
listed in Supplementary Table 3-2 and Supplementary Table 3-3.  
4.5. Quantitative RT-PCR 
RNA was extracted from root tissue with the RNeasy plant kit (Qiagen) and cDNA 
was prepared from 1 μg of total RNA with the iScript cDNA synthesis kit (Bio-Rad) 
according to the manufacturer’s instructions. qRT-PCR was performed with 
LightCycler 480 SYBR Green I Master (Roche) in a final volume of 5 μL and 0.2 mM 
primer concentration and analyzed with a LightCycler 480 (Roche). For each 
reaction, three technical repeats and three biological repeats were done. The primer 
sequences were 5’-TCAGTTGGGGAACTTGCACTACACA-3’ and 5’-
GCAGCGTCCTTTTCCACTCGAC-3’ for RNase H2A (AT2G25100), 5′-
CTCTCGTTCCAGAGCTCGCAAAA-3′ and 5′-AAGAACACGCATCCTACGCATCC-3′ 
for EMB2386 (AT1G02780) and 5’-GGTCGTACAACCGGTATTGTGC-3’ and 5’-
CTCTCTGTAAGGATCTTCATGAGG-3’ for ACT2 (AT3G18780). EMB2386 and 
ACT2 were used as reference genes. 
4.6. Homologous recombination assay  
Two recombination substrates, 651 (Swoboda et al. 1994) and IC9C (Molinier et al. 
2004), were crossed to rnh2a/wee1, rnh2a, wee1-1 and Col-0 by crossing. For HR 
recombination assay, 50 seeds of each line were germinated on half-strength MS or 
half-strength MS containing 0.75mM HU. The restoration of the reporter gene was 
visualized by histochemical GUS staining according to the standard protocol 
(Jefferson et al. 1987). HR events of individual plants were assessed visually using a 
binocular microscope. The HR assays were repeated three times, and the mean 
values were calculated 
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4.7. Detection of alkali-sensitive sites in genomic DNA 
Genomic DNA was isolated using DNeasy plant kit (Qiagen). Either KOH or KCl was 
added to genomic DNA to a final concentration of 0.3 M in 40 μl volumes and 
incubated at 55°C for 2 hours. Following treatment, 6X alkaline loading buffer (300 
mM KOH, 6 mM EDTA, 18% Ficoll (Type 400), 0.15% bromocresol green, 0.25% 
xylene cyanol) was added to KOH-treated samples. Neutral loading buffer (30% 
glycerol in TE buffer, 0.25% bromophenol blue, 0.25% xylene cyanol) was added to 
KCl-treated samples. Electrophoresis of alkaline-treated samples was performed 
using a 50 mM NaOH, 1 mM EDTA 1% agarose alkaline gel with 50 mM NaOH, 1 
mM EDTA electrophoresis buffer (Sambrook et al. 2006). Electrophoresis of KCl-
treated samples was performed using a 1% agarose gel and TBE buffer. 
Electrophoresis of the samples was at 1 V/cm for 18 hours. Alkaline gels were 
neutralized by soaking in 1M Tris HCl pH 8.0, 1.5 M NaCl for 1 hour, and then 
stained with SYBR Gold (Invitrogen). 
4.8. γ-H2AX Antibodies 
Slide preparation, immunostaining and quantification of γ-H2AX foci of mitotic nuclei 
were carried out as previously described (Amiard et al. 2010). Briefly, following 24h 
HU treatments plantlets were fixed with paraformaldehyde, root tips were digested 
and squashed onto slides. Following immunostaining with anti-γ-H2AX (and 
Alexa568 congugated secondary antibody) and mounting in Vectashield + DAPI, 
three dimensional image stacks were taken, deconvolved and γ-H2AX foci counted 
manually. Each point on the graphs is the mean number of γ-H2AX foci per nucleus 
from counting fifteen nuclei from fifteen to twenty plants.  
4.9. Whole genome sequencing 
Col-0, wee1-1, rnh2a and rnh2a/wee1 plant were grown hydroponically (araponics) 
for three generations either under normal condition or under 0.75mM HU treatment. 
Genomic DNA was extracted using DNeasy plant kit (Qiagen). Paired-end illumina 
True-Seq libraries were generated from extracted DNA according to the 
manufacture’s protocol and sequenced in multiplexes of four on a HiSeq2000 
leading to an average coverage between 43 and 47x per sample. SHORE (Ossowski 
et al. 2008) was  used to map the reads to the Arabidopsis reference genome 
(TAIR10) and to detect single base pair substitutions and small deletions (<10 bp). 
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The list of polymorphic sites provided by SHORE is very inclusive, since the 
algorithm is very sensitive and applies very relaxed thresholds. However, SHORE 
provides for every polymorphic site found a quality score that is based on several 
features like read quality, coverage and alignment quality. In this experiment we only 
considered variants with a high quality score (≥ 32, max = 40). In addition, 
homozygous polymorphic sites have to be covered by at least ten reads and at most 
80 reads of which 90% support the variant. Heterozygous sites should be also 
covered by at least 10 reads and at most 80 reads of which at least 30% support the 
variant, but not more than 80%. After filtering, we extracted those variants unique to 
one sample, where all other samples resemble the reference with high quality, since 
it is unlikely that new mutations occur at the same site in two different samples. 
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5. Supplemental information: 
Samples #Bases #Fragments Read Length
rnh2a/wee1-1+HU (Reapeat1-flow cell1) 464,220,300 9,284,406 50 
rnh2a/wee1-1+HU (Reapeat1-flow cell2) 595,494,600 11,909,892 50 
rnh2a/wee1-1+HU (Reapeat2-flow cell1) 468,829,700 9,376,594 50 
rnh2a/wee1-1+HU (Reapeat2-flow cell2) 602,253,350 12,045,067 50 
rnh2a/wee1-1+HU (Reapeat3-flow cell1) 429,566,400 8,591,328 50 
rnh2a/wee1-1+HU (Reapeat3-flow cell2) 550,770,350 11,015,407 50 
rnh2a/wee1-1-HU (Reapeat1-flow cell1) 399,271,650 7,985,433 50 
rnh2a/wee1-1-HU (Reapeat1-flow cell2) 518,051,900 10,361,038 50 
rnh2a/wee1-1-HU (Reapeat2-flow cell1) 405,982,850 8,119,657 50 
rnh2a/wee1-1-HU (Reapeat2-flow cell2) 523,200,300 10,464,006 50 
rnh2a/wee1-1-HU (Reapeat3-flow cell1) 426,572,400 8,531,448 50 
rnh2a/wee1-1-HU (Reapeat3-flow cell2) 549,880,300 10,997,606 50 
wee1-1+HU (Reapeat1-flow cell1) 431,030,550 8,620,611 50 
wee1-1+HU (Reapeat1-flow cell2) 554,514,050 11,090,281 50 
wee1-1+HU (Reapeat2-flow cell1) 412,810,300 8,256,206 50 
wee1-1+HU (Reapeat2-flow cell2) 529,640,800 10,592,816 50 
wee1-1+HU (Reapeat3-flow cell1) 431,266,050 8,625,321 50 
wee1-1+HU (Reapeat3-flow cell2) 555,985,950 11,119,719 50 
wee1-1-HU (Reapeat1-flow cell1) 455,298,800 9,105,976 50 
wee1-1-HU (Reapeat1-flow cell2) 584,202,400 11,684,048 50 
wee1-1-HU (Reapeat2-flow cell1) 404,328,500 8,086,570 50 
wee1-1-HU (Reapeat2-flow cell2) 519,948,450 10,398,969 50 
wee1-1-HU (Reapeat3-flow cell1) 389,459,200 7,789,184 50 
wee1-1-HU (Reapeat3-flow cell2) 499,440,050 9,988,801 50 
In total 11,702,019,200 234,040,384  
Supplementary Table 3-1: RNA Sequencing data. 
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FASTQC 
fastqc file.fastq 
FASTX Filtering FASTX Trimming 
fastq_quality_filter –Q 33 –q 20 –p 75  
-i Input file.fastq –o Filtered file.fastq 
fastx_trimmer -Q 33 -i Filtered file.fastq  
-o Trimmed file.fastq  
GSNAP 
gsnap -d TAIR10_allchr -A sam -B 4 -k 12 -w 10000 --quality-protocol 'sanger' -m 2 -N 1 --
split-output Trimmed file.fastq 
HTSEQ 
htseq-count --stranded=no --mode=intersection-strict --type=exon unpaired_uniq-sam 
Supplementary Table 3-2: RNA-Seq commands and parameters 
 
R commands for RNA-Seq statistics 
# loading the file 
setwd("U:/RNASeq") 
file <- "file name" 
countsTable <- read.table(file) 
# determining the conditions 
conds <-
('RWMinHU','RWMinHU','RWMinHU','RWPlusHU','RWPlusHU','RWPlusHU','WMinH
U','WMinHU','WMinHU','WPlusHU','WPlusHU','WPlusHU') 
# removing non-genic counts 
countsTable <- countsTable[which(!(rownames(countsTable) == 'no_feature')),] 
countsTable <- countsTable[which(!(rownames(countsTable) == 'ambiguous')),] 
countsTable <- countsTable[which(!(rownames(countsTable) == 'not_aligned')),] 
countsTable <- countsTable[which(!(rownames(countsTable) == 'too_low_aQual')),] 
countsTable <- countsTable[which(!(rownames(countsTable) == 
'alignment_not_unique')),] 
# removing genes with no counts 
nrow(countsTable) 
totals <- apply(countsTable, 1, sum) 
counts <- countsTable[totals > 0, ] 
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nrow(counts) 
### differential expression 
library(edgeR) 
# reading data 
dge <- DGEList(counts=counts,group=factor(conds)) 
# normalization per sample 
dge <- calcNormFactors(dge, method='TMM') 
# estimating dispersion 
dge <- estimateCommonDisp(dge) 
dge <- estimateTagwiseDisp(dge) 
# write normalized data to file 
normalized <- cpm(dge, normalized.lib.sizes=FALSE) 
write.table(normalized, file="normalizedCounts.txt", sep="\t", quote=F) 
# calculating differential expression 
CvsMRWMinHURWPlusHU <- exactTest(dge, pair=c('RWMinHU', 'RWPlusHU')) 
# sort according to FDR & write to file 
CvsMRWMinHURWPlusHU.top <- topTags(CvsMRWMinHURWPlusHU, 
n=nrow(CvsMRWMinHURWPlusHU$table)) 
CvsMRWMinHURWPlusHU.top <- CvsMRWMinHURWPlusHU.top$table 
write.table(CvsMRWMinHURWPlusHU.top[order(CvsMRWMinHURWPlusHU.top$F
DR),], file="CvsMRWMinHURWPlusHU.txt", sep="\t", quote=FALSE) 
# select based on FDR & Fold Change & write to file 
CvsM RWMinHURWPlusHU.sig <- CvsM RWMinHURWPlusHU.top[CvsM 
RWMinHURWPlusHU.top$FDR <= 0.05 & abs(CvsM 
RWMinHURWPlusHU.top$logFC) > log2(2),] 
write.table(CvsM RWMinHURWPlusHU.sig[order(CvsM 
RWMinHURWPlusHU.sig$FDR),], file="CvsM 
RWMinHURWPlusHU.sig.a0.05.f2.txt", sep="\t", quote=FALSE) 
nrow(CvsM RWMinHURWPlusHU.sig) 
Supplementary Table 3-3: R commands used for RNA-Seq statistics 
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1. Discussion  
Accurate and efficient replication of the genome during each round of the cell cycle 
allows high-fidelity transmission of hereditary information to the next generation, and 
is thus essential to all organisms. The DNA checkpoint and repair machinery 
protects cells from damage caused by numerous endogenous and exogenous 
threats, thereby helping to maintain genome integrity. The genome is particularly 
vulnerable to changes during the DNA replication phase. Several factors cause 
replication stress by making replication forks to progress slowly or stall. These 
factors include changes in the level of dNTP pools or the expression of genes 
required for synthesis of dNTPs or other components of DNA synthesis, radiation, 
and reactive oxygen species (ROS). During DNA replication at replication forks, 
duplex DNA is unwound to single-stranded DNA, which is extremely recombinogenic 
and prone to DNA damage. Single-strand lesions at replication forks could also 
cause double-strand breaks. The great threat for genome instability at DNA 
replication forks lead to the evolution of conserved S-phase checkpoint pathways, 
arresting or delaying progression through the S-phase of the cell cycle, stabilizing, 
repairing or restarting replication forks (Burhans and Weinberger 2007).  
Plant WEE1 kinase is an imperative intra-S-phase checkpoint regulator in response 
to replication stress. Although WEE1 knockout mutants of Arabidopsis display a 
normal wild-type phenotype under standard growth conditions, WEE1 knockout 
mutants are hypersensitive to DNA replication-inhibitory drugs. Moreover, WEE1 is 
transcriptionally upregulated in response to replication stress (De Schutter et al. 
2007) and wee1 mutants display a prolonged S phase and a delayed progression 
through the cell cycle after replication stress (Cools et al. 2011). 
The goal of this study was to investigate the underlying reasons for plant WEE1 
knockout hypersensitivity to replication-inhibitory agents. Through forward genetic 
screening (Chapter 2), we obtained several EMS generated mutants with the ability 
to complement the WEE1 knockout phenotype upon treatment with the replication 
stress-inducing drugs hydroxyurea and aphidicolin.  
In Chapter 3, we could associate a WEE1 knockout complementing phenotype with 
a mutation in subunit A of Ribonuclease H2. Plants deficient in RNase H2 display 
higher levels of endogenous DNA damage and enforce more homologous 
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recombination and DNA double strand breaks in replicating nuclei even under 
optimal growth conditions. Moreover, inactivation of RNase H2 leads to massive 
incorporation of RNA into genomic DNA, likely being the origin of genome instability. 
These results are consistent with recent studies in human, mouse and yeast cells, 
where lack of RNase H2 causes incorporation of ribonucleotides into DNA, which 
eventually leads to genome instability (McElhinny et al. 2010, Lazzaro et al. 2012, 
Reijns et al. 2012). Therefore, one can hypothesize that misincorporation of RNA 
into DNA and the resulting replicative stress, increase the levels of homologous 
recombination and double strand breaks, leading to fork restart. This hypothesis is 
consistent with the observation in mammals that replication inhibition could induce 
homologous recombination and double strand breaks may play a part in replication 
fork restart, especially after long periods of replication inhibition (Saintigny et al. 
2001, Hanada et al. 2007, Petermann and Helleday 2010). It is also possible to 
hypothesize that since Arabidopsis WEE1 knockout mutants are not capable of 
adapting their replication rate to the availability of dNTPs upon HU treatment, 
substitution of dNTPs by rNMPs in RNase H2 deficient mutants, restrains the fork 
stalling (Figure  4-1). The drawback of tolerating RNA during DNA replication over 
Figure 4-1: Schematic representation of role of RNase H2 in WEE1 knockout rescue upon replication
stress. 
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generations is the introduction of small (1-3bp) deletions, which probably will lead to 
growth defects after some generations.   
In conclusion, it is likely that inclusion of RNA into DNA sets fork restart in motion 
and allows the WEE1 knockout cells to proceed through the cell cycle under 
replication stress. 
 
2. Perspectives 
DNA fiber analysis or DNA combing is a molecular technique that gives a snapshot 
of replication dynamics. This method provides a unique way to check the activation 
of replication origins and the progression of replication forks at the level of single 
DNA molecules, after incorporation of thymidine analogs, such as BrdU 
(bromodeoxyuridine) in newly-synthesized DNA. This assay gives access to the 
replication profiles in individual cells. It can also be used to monitor the effect of DNA 
lesions on fork progression, arrest and restart (Bianco et al. 2012). Thus, it would be 
interesting to monitor fork behaviour in the rnh2a and rnh2a/wee1 mutants using this 
technique. Moreover, it would be interesting to investigate the role of MUS81 in fork 
restarting in an RNase H2 knockout background, since It has been shown that 
MUS81 can convert a stalled replication fork into a double strand break which leads 
to replication restart (Hanada et al. 2007, Shimura et al. 2008).  
Since RNase H2 knockout plants display higher levels of HR in comparison to wild-
type plants, it should be theoretically possible to use them for increasing gene 
targeting frequencies. Gene targeting is a technique in molecular genetics that alters 
an endogenous gene by homologous recombination-mediated integration of an 
extra-chromosomal DNA segment into a chromosomal target sequence. Although 
the molecular mechanisms and components of double strand break repair are 
evolutionary conserved, different organisms use alternative repair pathways. 
Homologous recombination is predominant in prokaryotes and yeast, whereas in 
multicellular eukaryotes, NHEJ is the prevalent DSB repair pathway, making gene 
targeting inefficient in most higher eukaryotes, including plants (Hanin and 
Paszkowski 2003). As gene targeting relies on HR rate, it should be possible to 
enhance gene targeting by manipulating DNA repair pathways that influence HR. In 
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this regard, high-frequency HR was obtained in Arabidopsis by overexpression of the 
yeast RAD54 (Shaked et al. 2005) or SMC6B (Hanin et al. 2000), or by knocking 
out RAD50 (Gherbi et al. 2001) or CAF1 (Endo et al. 2006).  
On the other hand, it has been shown that duplex DNA and single-strand RNA can 
be paired in vitro (Kasahara et al. 2000, Zaitsev and Kowalczykowski 2000) and in 
vivo (Huertas and Aguilera 2003). Moreover, RNA can serve as a template for DNA 
synthesis during repair of chromosomal DSBs (Storici et al. 2007, Shen et al. 2011). 
Accordingly, constitutive expression of an interrupted gene of interest in a high-
frequency HR background might theoretically enhance the gene targeting rate.  For 
that reason, RNase H2 knockout Arabidopsis plants could be useful in this regard for 
future studies.   
Among numerous mutants isolated, a mutation in subunit A of Ribonuclease H2 was 
identified to be responsible for one of the complementation phenotypes. The 
remaining mutants display various levels of complementation of the WEE1 knockout 
phenotype under replication stress. While some of them can restore the root growth 
and decrease the extent of cell death, some still display root growth inhibition without 
having a considerable amount of cell death and others show severe cell death 
phenotype despite having long or medium root length. Considering that only one 
RNase H2A allele was identified, it is likely that several different genes are mutated 
in the 22 remaining mutants with possibility for further investigation. Considering the 
observations with the RNase H2 gene, it is reasonable to expect for more replication-
related genes among the rest of the mutants. For instance, genes required for 
synthesis of dNTPs. Since WEE1 kinase protects cells from premature 
differentiation, mutation in the genes involved in differentiation might also be found 
among the mutants. Besides, Inhibitory phosphorylation of cyclin-dependent kinases 
(CDKs), which are key regulators of the cell cycle progression, is mediated by the 
WEE1 protein kinase. On the other hand, CDC25-mediated dephosphorylation of 
CDKs leads to their activation (Harper and Elledge 2007). However, a functional 
homolog of CDC25 is missing in plants and it is possible that it can be found among 
the other 22 mutants, given that yeast cdc25/wee1 mutants grow better that wild-
type cells under HU treatment (Enoch et al. 1991). 
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It is worth mentioning that the emergence of new mapping techniques has helped in 
a more straightforward and faster identification of EMS mutants, which could be used 
for mapping of the remaining mutants. For example, Hartwig et al. (2012) have 
demonstrated how mapping-by-sequencing and candidate gene identification can be 
performed within the same genetic background using only mutagen-induced 
changes as segregating markers, omitting the need for crossing the mutants into 
another accession and genotyping for the background. 
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Genomic DNA is under the constant attack of exogenous and endogenous factors. 
Therefore, cells have evolved special pathways to protect genome integrity. DNA 
damage response (DDR) is activated in response to extensive DNA damage, 
eventually resulting in promoting DNA repair system and cell cycle arrest at the G1-
to-S, intra-S, or G2-to-M checkpoint until the lesion is repaired. Several repair 
pathways handle different types of DNA damages and must be tightly regulated to 
efficiently repair the damage caused by diverse factors such as UV-radiation, 
genotoxins, or by-products of intracellular metabolism. Although most of the factors 
involved in DNA repair are conserved throughout the kingdoms of life, some aspects 
in the regulation of plant DNA repair system are different.  In the first chapter, we 
present an overview of what is currently known about DNA damage checkpoints and 
repair systems and put this in context with regulating factors and gene expression in 
response to DNA damage in plants. 
Cell cycle progression is mediated by the timely activation of cyclin-dependent 
kinases (CDKs). When DNA damage occurs in the S or G2 phases of the cell cycle, 
WEE1 phosphorylation interferes with binding of the cofactor ATP, resulting into an 
inhibition of CDK activity. Entry into mitosis is blocked until the damage has been 
repaired, ensuring that the cell does not make a potentially dangerous attempt to 
segregate damaged chromosomes. The Arabidopsis WEE1 gene is strongly 
transcriptionally activated in response to treatments that induce either DNA damage 
or DNA replication stress. Correspondingly, WEE1 knockout plants fail to adapt their 
S phase progression towards DNA replication inhibitory drugs, resulting into an 
accumulation of DNA damage and loss of cell division competence. To identify 
molecular mechanisms by which WEE1 controls the DNA replication rate during 
DNA stress, an ethyl-methanesulfonate (EMS) mutagenesis was performed on the 
WEE1 knockout plants, resulting into the identification of 25 candidate mutants 
capable of tolerating replication-inhibitory drugs. Microscopic observations illustrated 
that these lines show a total or partial suppression of the premature cell 
differentiation phenotype, normally observed in the WEE1 knockout mutants. Using 
Next Generation Sequencing (NGS), a mutation in subunit A of the Rinonuclease H2 
(RNase H2) complex was discovered to rescue the WEE1 knockout phenotype on 
hydroxyurea. 
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We report that lack of the Arabidopsis thaliana Ribonuclease H2 (RNase H2), which 
excises single ribonucleotides from DNA-DNA duplexes, can complement the WEE1 
knockout mutants phenotype under replication stress. The RNase H2 deficient 
mutants exhibit an elevated frequency of homologous recombination and replication 
stress even under optimal growth conditions. Since inactivation of RNase H2 leads 
to massive incorporation of RNA into genomic DNA substitution of DNA by RNA in 
RNase H2 deficient mutants might facilitate the fork progression and delimit 
unwound single strand DNA, which is prone to genomic deletions because of 
recombination. 
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